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ABSTRACT

\ aser-induced fluorescence (LIF) can be used to measure the atomic,

diatomic, and triatomic free radicals that are the intermediates in combustion

chemistry. Coupled with detailed models, which incorporate a sound and

consistent set of reaction rate constants, such measurements can lead to an

understanding of that chemistry, having predictive value for use under experi-

mentally difficult conditions.

This report describes the development of LIF techniques, the applications

of such techniques to flames and to laser pyrolysis/laser fluorescence

kinetics experiments, studies of rate constant estimations and detailed

modeling of combustion chemistry. The chemistry studied is that of combusting
mixtures of Hw/n4O, (R'OitjO, CR2O/NOM, and related compounds. These contain

the chemical networks, individual reactions, and radical species present in

the gas-phase combustion of nitramine propellants, such as HMX and UK.

The tasks described are LIF diagnostic studies on 0, N, OH, NCO, and N2
in flow systems and flmes, rate constant estimation studies for unimolecular

decomposition of CItO and several hydrocarbons, modelling of the CR O/m O

flame, and laser pyrolysis/laser fluorescence studies of CQ4/NrqO and -l'O/-'O
-= -- ichemistry
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I INTRODUCTION

A knowledge of the detailed chemistry that occurs in a combustion process

can be useful in several ways in describing the behavior of an overall system

that includes that combustion. First, knowledge of the chemistry allows

control of those aspects where the chemical kinetics itself can dominate

(e.g., in ignition processes). Second, such knowledge allows understanding of

the effects of additives or modifiers on the combustion process. Third, an

observable, that is readily measured in a complex system (e.g., the emission

of light in some wavelength region as a function of time) can be related to

the behavior and progress of the overall process.

To understand the details of the combustion chemistry on a microscopic

basis, it is necessary to measure and relate to each other the concentrations

of the free radical intermediates that are formed and converted during the

reaction network. The method of laser-induced fluorescence (LIP) is the

member of the family of laser spectroscopic probe methods 1 ,2 best suited for

measuring those free radical intermediates. Nonintrusive, possessing high

sensitivity and selectivity, and furnishing excellent spatial and temporal

resolution, LIF can be used to detect some 30 atomic, diatomic, and triatomic

combustion chemical intermediates. When LIF is coupled with comprehensive

computer models of the chemical networks and methods to measure or estimate

accurately the pertinent reaction rate constants, these transient species can

be determined and, In turn, greatly further our understanding of the detailed

chemical pathways. Such a coupling can be performed for flames themselves, or

for other systems, such as our recently developed laser pyrolysis/laser

fluorescence (LP/LF) experiment, 3 designed to probe combustion chemistry under

less complex conditions than those found in flames.

During the past three years, we have studied, under Army Research Office

support, the development and use of LI methods and the formulation of

chemical models and rate constant estimation techniques for flames containing

the chemistry expected to be present in the gas-phase combustion of nitramine

propellants. Particular focus has been on flames of CH4/N20 and CH20/N20.

/!I



A key initial finding on this project was the first observation, using

LIP, of ground-state NH radicals in CH4/N20 flames. Their presence in

significant quantity raised for the first time important questions concerning

the participation of nitrogen-containing radicals in the chemistry of such

flames. These radicals may be even more important in the nitramines them-

selves, which as monopropellants are heavily fuel-rich. The detection of

nitrogen-containing radicals in CH4/N20 flames was refined and extended in

burner experiments at the Ballistic Research Laboratory (BRL), where copious

quantities of NCO, CN, and NH were found in these flames using LIF. The

research on the SRI project has emphasized the development of LIF

spectroscopic methods, the use of the LP/LF technique, and modeling studies of

the possible flame chemistry.

In the following sections, we describe first some aspects of nitramine

chemistry, indicating the potential importance of the reactions and species to

be studied, together with coments on how the laser probes and chemical models

might be used to infer some understanding about the experimentally difficult

problem of actual nitramine combustion. Then we detail the progress that has

been made during this project, its significance for nitramine combustion, and

its links to Army Laboratory programs addressing this topic.

2



N II NITRAMINE COMBUSTION CHEMISTRY

The class of propellants known as nitramines (cyclic nitroorganic com-

pounds, especially HMX and RDI) possesses a number of desirable properties,

such as high energy release coupled with low vulnerability. However, they

also have disadvantages, including low burn rate and breaks in the slopes of

the curves of burn rate versus pressure. Ideally, through the addition of

modifiers, these characteristics can be altered to minimize the undesirable

behavior while not degrading the good qualities of the propellants.

The mechanisms by which the modifiers act, or the propellants themselves

ignite and burn, are not at all well understood. Part of the problem is the

high pressure and hostile environment under which actual propellants burn,

making detailed experiments extremely difficult. For example, the distance

scales involved pose special barriers. The fizz zone, or flame zone, near the

propellant surface is at most tens of micrometers thick at the lowest pres-

sures at which the propellants burn. Even though in principle this zone can

be probed with sufficient spatial resolution using laser techniques, the

surface irregularities are larger than this thickness, in effect rendering

undefinable the appropriate length scales. Consequently, information on

propellant ignition and combustion must come from a variety of separate

sources, each involving experiments that often do not entail the direct

burning of the propellants but provide detailed results in a more tractable

way.

Those experiments that can be performed on actual propellants are

valuable; these include final or intermediate product determinations by gas

chromatography or molecular-beam mass spectrometric sampling. The presence of

reactive intermediates can sometimes be detected by means of their emission

spectra. Fitting these observations into a detailed chemical description of

the propellant combustion requires separate experiments to develop and

validate the flame chemistry; such experiments are the subject of this

research.

The gas-phase part of nitramine flames forms an important part of the

propellant combustion. Simple chemical considerations show that the majority

3

- - ' *% :- ih ' ; ' - 'V* .s l : ; G ] : ' rsl.1 l"t l . l"t. . d'l . %



"- - - -.

of the heat release occurs in the gas phase. It is this energy, fed back to

the surface, that controls the initial vaporization and decomposition

processes in the condensed phase. Also, gas-phase processes are probably

crucial in ignition by convective heating. Preliminary results are available

from an experiment at BRL on ignition of RIX in a flow of hot nitrogen.4 They

indicate that ignition occurs in the gaseous wake, probably in reactants that

have formed from pyrolysis of gaseous species evolved from the solid; the

flame then propagates back to the surface. In a study at much higher tempera-

ture,5 ignition was also found to occur in the gas phase. In both instances,

presence of oxygen in the hot gas stream altered the ignition characteristics,

sometimes dramatically.

What are the constituents of these gas-phase flames? Although many

experiments have been performed on the thermal decomposition of nitramines,

the results with different measurement techniques and under different

conditions are often in disagreement. Schroeder6 reviewed the literature in

this area and concluded that the point(s) of bond cleavage in the cyclic

compounds are not known. A great variety of decomposition products has been

found. Molecular-beam mass spectrometric sampling methods7'8 indicated the

presence of considerable quantities of CH20 and N20 on decomposition.

Infrared measurements,4 in the wake of convectively heated but unignited RDX,

showed N02, N20, HCN, and some CO2 . (CH20 was not detectable in this

experiment.) On the other hand, qualitative results at the Large Caliber

Weapons Systems Laboratory (LCWSL) from a coherent anti-Stokes Raman-

scattering (CARS) experiment in the dark zone of an atmospheric pressure RDB

flame9 indicated that considerable amounts of CO, C02, H2, and HCN exist near

the surface. CH4 , CH20, and NO were observed in minor quantity, but N20 and

102 were not observed. Low pressure pyrolysis experiments, 10 conducted on a

previous project in the Department of Chemical Kinetics at SRI, indicated that

the molecular elimination of HONO was a major pathway.

In view of this array of results, it is impossible to select a particular

flame that will mimic the gas-phase combustion of the nitramines. What can be

done is to study the appropriate sequences of chemical reactions and to

establish a means of identifying those intermediate species present in the

combustion of these several combinations. Many of these reactions and species

are coon to all; an understanding of each system on a fundamental basis is

4



crucial in an examination of differences that depend on the mode of breakup of

the nitramine.

We have chosen, as a reasonable starting point, flames of CH4/N 20 and

H20/N20 because they contain pertinent and representative chemical sequences;

these flames, their kinetics, and the LIF spectroscopy of their intermediate

species have been the subject of study in the first three years of this

project. CH4/N20 flames are also now being investigated using

Raman-scattering, CARS, and LIF at BRL and with CARS at LCWSL. The flames of

these compounds were chosen for study because they contain uch of the

chemical networks anticipated to occur in nitramine flames but constitute

simpler, more experimentally tractable systems than the propellant flames

themselves, in which to gain a firm understanding of that chemistry.

,5
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III PROGRESS AND RESULTS

The research has been concerned with species detection and chemical

reaction rates and mechanisms in flames of CH4 /N2 0 and CH 2O/N 2 0. In this

section we describe the progress and findings. Reprints of pertinent

articles, reports, and conference abstracts are attached.

A. Nitrogen-Containing Radicals in CH4/N20 Flames

In earlier studies of flames of CH2O/N20 burning at low pressure11 and at

one atmosphere,12 emissions from NH, NH2 , and CN were seen. Such species can
arise only if the N-N bond in the N20 is broken, suggesting different chemical

pathways than if only the N-O bond dissociates. However, the presence of

emission does not necessarily denote significant amounts of ground-state

molecules because the emission may result from direct chemical production of a

small concentration of chemiluminescent, electronically excited species.

Thus, at the onset of the project, the initial step was to determine the

ground-state concentration of at least one such species using LIF. This was

performed for NH in CH4/N20 flame.
13  Because quenching rates for the excited

state of NH were not known, the simple estimate was made that they were the

same as for the electronically similar OH molecule. This led to an approxi-

mate ratio [NH]/[OH - 0.04 in the reaction zone of this flame, which is a
high enough concentration of N for it to be chemically significant.

This simple, semiquantitative experiment thus provided the key informa-

tion that nitrogen-containing radicals may be important in the chemistry of

these flames. The next step was the consideration of possible chemical

mechanisms to seek the mode of formation of the NH (probably through the

H + N20 reaction) and the subsequent reactions it undergoes. This procedure

led to the identification of the NCO radical as another potential key inter-

mediate, and a study was begun of its laser spectroscopy in flow systems.

At BRL, more extensive and accurate measurements were made on NH and OH

in a CH4/N20 flame,
14 using absorption measurements to obtain the absolute NH

concentration. The results, an [NHJ/[OHJ ratio of 0.02, were very close to

the initial estimate using approximate quench rates, and they fully support

6
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I the major conclusion about nitrogen-containing radical chemistry. In further

probes of this same flame at BRL, the NCO radical was found to exist in

copious quantities, 15 and significant amounts of C2 and CN have also been

found. 16

At SRI, we began to study the spectroscopy of NCO shortly before it was

detected in a flame at BRL. The experiments, performed in a low pressure

discharge flow, have yielded several valuable pieces of information. Further

information - including wavelengths for excitation, intensities of

fluorescence, absorption coefficients, and quenching rate constants for both

the A Z + - X 2rIi and B 2 i - x2f i electronic systems -- is needed to relate LIF

flame measurements to actual concentrations. A study of the fluorescence

spectrum obtained on excitation of the B-state has yielded for the first time

accurate values of ground-state vibrational frequencies, important in under-

standing the structure of the molecule and its thermochemical parameters.

Radiative lifetime measurements were also made on the B2R i state.17

I., These show a lifetime decreasing from 65 ns in the (000) vibrational level

to < 10 ns in the (100) vibrational level. The difference was ascribed to

predissociation of the B-state to N( 2D) + CO. This sets a new, lower dissoci-

ation energy for NCO and a value of its heat of formation that is 14 kcal/mol

higher than that currently used in the literature. It also leads to a higher

value for the heat of formation of HNCO. These results can significantly

alter ideas about the participation of NCO in certain flame chemical reactions

- for example, as in a recent discussion18 of the products of the
0

. ~HCN + OH reaction based on the old AHf values. Different values of AH alsof.-f
mean different values of the equilibrium constants of reactions in which NCO

and HNCO take part, and correspondingly alter reverse reaction rates inferred

', from forward reaction rate values. Hence this spectroscopic experiment, which

yields a thermodynamic result, can have a significant impact on flame models

in which these species play a role. The remainder of the NCO data is still

being analyzed and results will be published later.

The conclusion from this work, together with the complementary BRL burner

experiments, is that considerable chemical activity occurs following breakage

of the N-N bond in N20. The nature of the pathways is not clear, due in large

part because of a lack of pertinent rate constants, but further research is

needed to understand their role and significance in the flame chemistry.

." 7
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B. Diagnostics on 0, N, OH and CH

Oxygen and perhaps nitrogen atoms are also important participants in

flames burning in N20. However, these atomic species are not detectable with

standard LIF techniques because their absorption lies in the vacuum ultra-

violet. Even if lasers could be made to operate in the appropriate wavelength

region, absorption by atmospheric and flame gases would preclude their use for

flame diagnostics. To detect these species, we have developed a method of

two-photon LIF. 19 The atoms are excited by two-photon absorption to the first

excited state of the same symmetry as that of the ground state, which then

radiates in an infrared transition terminating on another excited state. Our

experiments, performed in a low pressure flow discharge, indicated good sensi-
tivity under flame conditions from measurement of two-photon absorption

coefficients, lifetimes, and quenching rate constants.

With these methods, O-atoms have now been detected in flames of C2H2/02
20

and CH4/N20.
2 1 The latter study was performed at BRL where the effects of

laser-induced chemistry, which may complicate the detection in this flame, are

under investigation. Our two-photon method has opened up an important new

Jr' category of species -- 0-, N-, H-, and C-atoms -- to detection in flames by

laser methods and will be useful in propellant combustion as well as many

other systems.

The OH radical remains of prime importance in the flames under study here

and in many other applications. Although the OH spectroscopic data base for

4, LIF detection is much better established than that for other molecules, there

remain some questions concerning the collisional behavior of the excited state

that are important for flame probing.

This problem has been considered first in the compilation of information

on collisional effects in LIF flame probing, with special emphasis on OH.

This study culminated in the writing of an invited review article that

13appeared in a special issue of Optical Engineering and contained a com-
prehensive and critical discussion of collision data and outstanding

questions.

One of these questions is the extrapolation to flame temperatures of

electronic quenching rate constants usually obtained at room temperature in

8
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flow systems. For OH, at least, the large cross sections suggested that the

mechanism leading to the quenching involved attractive forces interacting
5' 3between the A2 E+ OH and the collision partner. Using our LP/LF method, we

measured collisional quenching rate constants kQ for 11 collisional partners

". of combustion interest, at temperatures near 1200 K.2 2 The key finding was

that the cross sections were smaller than those at room temperature, clearly

*i indicating that attractive forces were important and rendering a simple T
1/2

extrapolation invalid for diagnostics purposes. The experimental results were

then compared with calculated cross sections where the theoretical picture

incorporated a imltipole interaction between the OH and its collision partner,

S. plus a repulsive centrifugal barrier. For 8 of the 11 collision partners

studied, excellent correlation between measured and calculated values was

obtained, providing further evidence for the role of attractive forces in

quenching collisions.

Although the experimental kQ values may be directly used for LIP studies

of OH, the theoretical correlations have wider implications for flame diag-

nostics as well as for fundamental collision dynamics. For most ocher radical

species, kQ values have been measured for only a few collision partners and

then usually only at room temperature. Assuming that attractive forces play

an important role in the quenching of other radicals, we can now estimate kQ

values for a variety of collision partners and as a function of temperature.

Direct determinations of kQ would still be necessary for accurate LIF

measurement of other radicals, but as in the case of the [NH]/[OH] ratio in

1/. CH 4/N 2 0 flames, crucial information can be gained from measurements where kQ

is only estimated.

Preliminary measurements have been made on energy transfer pathways for

electronically excited CR in atmosphere pressure flames of CH4/N20. A laser

.' pumps specific rotational levels in v' - 0 of the A2A state and fluorescence

from v" - I and 0 is measured, showing that rotational excitation enhances the

upward 0 ' I collisional transfer probability. This work will be presented at

the 1984 Molecular Spectroscopy Symposium, in Columbus.
2 3

C. LIP of NCO and NH2 Radicals in Flames

LIP has been useful in measuring several atomic and diatomic free

radicals of importance in flame chemistry. Although the flame chemistry

9
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involves many larger radicals as well, no previous studies exist of the LIF

spectroscopy of triatomic or larger species under flame conditions. We

undertook a study of the LIF of the NCO radical in CH4 /N 2 0 flames, and the NH2
radical in NH3 /0 2 and NH3 /N2 0 flames, 2 4 all burning at atmospheric pressure.

As noted above, the NCO radical has been seen in such flames at BRL using the

coincidence of the fixed frequency line of an Ar+ laser; 15 although

convenient, this is not necessarily an optimum method for a given set of

conditions nor can it be relied on as general for other molecules.

The excitation spectrum for NCO is quite complex, consisting of a large

number of bands just to the blue of the 000-000 band at 440 nm. We have

assigned a few of these but have devoted most of our attention to hot bands

arising from vibrationally excited NCO further to the red, where the spectrum

is much less complex. We have identified 16 individual bands and selected

optimum detection wavelengths. From the bandhead positions, we have fit

rotational constant and spin-orbit splitting values, providing information on

the stretching-vibration dependence of the latter constants. Fermi resonance

interaction can explain some of the differences seen. These spectroscopic

results on NCO will be presented at the 1984 Molecular Spectroscopy Symposium

in Columbus.
25

In the case of NH2 , 8 different bands have been excited over a wide

wavelength region.24  In the flames studied, chemiluminescent emission from

the NH2 provides a background that interferes with the LIF signals. In

-9 addition, the many hot bands present lead to a very congested spectrum

throughout the regions of excitation, with recognizable features resting on a

near continuum background of similar intensity.

D. Modeling of Formaldehyde/Nitrous Oxide Flame Chemistry

Detailed modeling of the chemistry of the H2CO/N20 combustion chemistry

system began with a simple isothermal model in which time is the only vari-

able. Though far from representing a flame itself, the model has permitted us

to gain insight into the important chemistry occurring. The starting point
9.26

was a 19-step, 14-species, semiglobal mechanism proposed by Dean2 6 for

describing shock-heated mixtures of dilute formaldehyde in 02 or N20. This

mechanism ignores the participation of several nitrogen-containing species

10
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that are observable with LIF and that have been found to exist in significant

quantity in flames of methane in nitrous oxide.

We briefly examined Dean's rate constants and found them reasonable. Our

RRKI calculations of the rate constant for formaldehyde pyrolysis (with use of

the 1970 thermochemical data for formyl radical2 7) support Dean's contention

that previously reported values are ten times too high. Also, Dean suggests

that the rate constant for OH + HCHO + H20 + CHO is a factor of ten slower

than that previously reported in the literature. Comparison with the rate

constant for H + HCHO and the use of transition theory estimates suggest

Dean's value is sensible. Therefore, Dean's mechanism was used as the basic

network to which were added reactions involving the nitrogen-containing

radicals.

The isothermal modeling was performed at 2500 K because the flame

studies at BEL showed the relatively rapid attainment of such temperatures.

Rate constants were obtained from the literature 28 with no extensive attempt

(as yet) at individual evaluation, and concentration profiles for many species

were computed and plotted.

We found that appreciable concentrations of some nitrogen-containing

species, 1013 to 1016 molecules/cm 3, can be realistically generated during the

H2CO/N 20 chemical sequence at high temperature. This is very encouraging for

linking of the LIF measurements with the chemical mechanism, although the

reaction set included in the model is far from complete enough to compare with

experiments.

Interestingly, the NH/OH ratio at the appropriate times mimics the

reported values of - 2-4% from our own studies and those of BRL. One problem

encountered was that by adding several more reactions suggested by others,
2 9

*€" we could change many of the species profiles drastically. The [NHI/[OHI ratio

could be varied one to two orders of magnitude using realistic estimates of

rate constants for these additional reactions.

This sort of variation is completely unacceptable. The goal of this

modeling is the establishment of a predictive tool. This is especially

important in the case of understanding nitramine propellant burning under

conditions approaching practical reality, because laboratory experimental data

will require extensive extrapolation to approach the pressures and temper-

.1
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atures at which propellants burn in actual systems.

E. Rate Constant Estimation and Correlation

From the above discussion, it is clear that any serious modeling effort

must be preceded by the establishment of criteria for the critical evaluation

of rate data to be used in the simulation. We have made the global under-

standing of individual rate constants the focus of some of our research

activities. This has allowed us to begin to establish these necessary

criteria. Some of the ideas involved have been discussed in the literature,3 0

but we have amplified and developed others during this work. A status report

is given below in terms of classes of reactions.

Bimolecular Reactions. Simple bimolecular reactions involve the transfer

of atoms in a simple metathesis. They are described by simple

transition-state theory and are expected to be independent of pressure with a

temperature dependence best described by the form k - ATB exp(-C/T). OftenI this is described by a form in which B - 0; these two-parameter "Arrhenius"

descriptions will almost always fail over a wide temperature range. If

experimental values have been determined at temperatures very different than

those of the intended application, the computed k will be wrong.

The context of theory also allows sample evaluation of the quantity A in

the above expression. This quantity, related to transition-state entropy

values, must be larger for atom-molecule reactions than for related

diatom-molecule reactions, which in turn have higher A-values than

polyatomic-molecule reactions. This is due to the successive loss of

rotational degrees of freedom in forming a transition state in the above

processes. We have identified important families of simple bimolecular

reactions, such as OR + H2CO + H20 + HCO and H + H2CO + H2 + HCO, where these

notions of consistent A-factors should be applied in choosing rate constants

for modeling studies.

Unimolecular Reactions. These reactions are both pressure and tempera-

ture dependent. There is extensive literature concerning these processes.
3 1

Detailed understanding and proper modeling require use of RRK theory and

knowledge of molecular parameters. In addition, because unimolecular

processes always reflect the competition between chemical and energy-transfer

processes, knowledge of these latter processes is also important.

12
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Currently, k(P,T) can be calculated with a rather cumbersome numerical

apparatus. Troe 32 has developed a formalism for the analytical mimicking of

RRKM results in terms of parameters that may be calculated once and then

listed for each individual process. Host of our effort concerning rate

constant determination has been spent in casting the Troe scheme into a usable

format. The goal is to list a given reaction and the appropriate parameters

that can be used with the stored analytical function to compute k(P,T) for

models of combustion chemistry. Examples include the initiation reactions

H2CO + H + HCO and N20 + N2 + 0. This study was described at the Western

States Combustion Meeting in Los Angeles, California, in October 1983 and is

being submitted to Combustion and Flame.

Apparent Bimolecular Reactions. These reactions are the most difficult

to deal with and the least often recognized. They are written as if they were

simple bimolecular processes; thus,

CO + OH H + CO2

However, we now know that this reaction is not a simple metathesis; it

undoubtedly involves the formation of an intermediate HOCO radical. The

radical is "born" with internal energy, and its lifetime is thus also pressure

dependent. Hence, any analytical form for rate constants of this type must

account for both pressure and temperature dependence. Currently, we do not

have any simple methods for incorporating such processes into a model. If we

treat them as bimolecular, we mst be very careful to use data obtained under

conditions similar to those simulated in the model; simple extrapolation with-

out a better understanding can produce severe discrepancies. However, it will

*. prove very difficult to find much data that will be easily transferred to

* flame conditions.
In the CH20/N20 system, we have used the models to identify several reac-

tions in this category that are likely to be crucial in reactions of the

nitrogen-containing radicals:

13
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H + N20 + OH + N2

+ NH + NO

N+ CO + + R+ NCO

+' + CN + OH

These processes may occur through intermediates -- for example, NNOH and HNNO

for the first reaction and HNCO or NCOH for the second. A proper treatment of

this Important class of reactions, including the branching ratio as a function

of pressure and temperature, requires knowledge of the intermediates and

application of unimolecular rate theory. (We have studied the first of these

systems in depth as part of contracted work with DoE concerning NH3 /0 2

flames.)

F. Laser lrolysis/Laser Fluorescence Experiments

In the LP/LF method,3 a mixture of SF6 , radical precursor, and reactant

or quenching gas is heated by a pulsed C02 laser whose radiation is absorbed

by the SF6. In experiments to date, the precursor has been H202 , which
decomposes to OH radicals that are then detected using LIF. Temperatures

between 800 and 1400 K have been attained, and the method has been used to

measure quenching rates for A2.+ OH described above,22 as well as (on another
project) reaction rate constants of OR with hydrocarbons.

The original purpose of the LP/LF method was twofold: to measure bimolec-

ular processes, such as the quenching and reaction rate constants at elevated

temperature, and to produce combustion chemical networks under elevated

temperature conditions but without the complications due to gas dynamics,

transport, and limited stoichiometric range that occur in direct flame

studies. Several preliminary experiments have been performed in this latter

mode.

Mixtures of C2H2 /0 2 and CH4 /0 2 have been pyrolyzed, both with and without
added H202. A short (100-ps-long) combustion process is occurring, as

evidenced by emission from OH, CR, and C2, which can be seen following the C02

laser pulse. In the case of CH4/0 2 , LIF signals of ground-state OH, formed

and then removed during the chemical sequence, could be seen. Pyrolysis of a

mixture of CR4/N20 also produced emission, but LIF signals have not yet been

14
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detected; the failure was likely due to the high quenching rate of N20 for the

excited OH and the low signal levels during that particular period of experi-

mentation.

*Formaldehyde/nitrous oxide mixtures have also been pyrolyzed. In an LP

apparatus, outfitted with a mass spectrometer (but not having LIF probe

capabilities), a mixture of CD2O, N20, and SF6 was irradiated with the CO2
laser. (CD20 was used to obtain more definitive identification of certain

*fragment masses that would be confusing with C120.) Destruction of reactants

and formation of stable products (120, CO) could be observed with the mass

spectrometer, summing over several laser pulses. The LP/LF setup was used to

detect light emission during the laser pyrolysis of this same mixture. The

emission begins shortly (- 10 ps) after the C02 pulse, peaks near 200 gs, and

persists for nearly a millisecond in some cases. Bands of OD, ND, CN, CD, and

C2 were observed, corresponding to the species seen in the CH20/N 20 flame.12

Those of CN were especially strong. The rise and decay times varied with con-

ditions and to some degree with species, indicating that they contain useful

kinetic information on readily measured time scales. LIF detection of the

ground-state radicals is the logical next step.

In each of these cases, it is possible that the reaction-initiating step

is due to a trace amount of F-atoms formed from minor decomposition of the SF6

at these temperatures, although no HF was detected mass spectrometrically.

Also, quantitative measurements have not yet been made. Nonetheless, these

preliminary results indicate the feasibility of LP/LF experiments on the

chemical networks found in flames pertinent to nitramine combustion. Because

of the lack of gas dynamic considerations, such experiments are much more

amenable to simple chemical modeling and will provide a key link between the

models and the laser diagnostic measurements. Moreover, because the pulsed

-] CO2 laser can be used to heat the mixture more rapidly than the time scales of

the chemical reactions themselves we can obtain time-resolved information on

the radical concentrations that will be very important in comparing the

experimental results with model calculations.

15
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Collisional effects on laser-induced fluorescence
flame measurements

David R. Croley Abstract. Laser-induced fluorescence (UF) is a method of considerable utility
SRI International for the measurement of the transient free radicals which are the keys to the
Molecular Physics Laboratory chemistry of flames. Collisions experienced by the electronically excited state
Menlo Park, California 94025 can alter the magnitude and the spectral form of the fluorescence signals,

Recent studies on both quenching and energy transfer collisions, and their
influence on UF measurements, are treated in this review;, special emphasis is
given to the important and popular OH molecule. Different solutions to the
problem of accounting for quenching are considered. and both effects and
exploitation of energy transfer within the excited state are discussed. Although
further research is needed to better quantify these collisional effects, LIF can
currently provide data significant for the understanding of combustion chemistry.

Keywords: com6mtion and analy ", lesradiced flu ; rn m meoing &*m
P .trIWor; spctscopy.; hydroxyl rodir.

Opti l Engineering 20(4). 51 f-521 (JulvlAufWr 19 1).

CONTENTS nonintrusive in nature. This last feature means not only that the gas
I. Introduction flow and chemical kinetics are unperturbed, but also that the liser
2. Molecular collisions under flame conditions probes may be used in environments too hostile (high temperatures21. General coiderations or corrosive atmospheres) to permit the insertion of a physical probe

2.2. Individual species such as a thermocouple or sampling nozzle.
3. Quenching LIP and the Raman methods complement one another quite well

3. 1. Calculation or estimation of quenching rates in providing a wide range of molecules which can be probed. The
3.2. Calibration and extrapolation of energy transfer rates Raman scattering methods yield a relatively easily analyzed determi-
3.3. Direct lifetime measurements nation of the majority species present in a combustion process, that
3.4. Saturated LIP is, the fuel, oxidant, main exhaust gases and, in an air flame, N.

4. Energy transfer However, because of signal level considerations, they are generally
4. 1. Rotational energy transfer unable to detect transient species (often free radicals) present at low
4.2. Vibrational energy transfer concentration. LIP is considerably more sensitive than the Raman
4.3. Energy transfer effects on LIP signas methods and can furnish a measurement of the concentration of4.4. Energy transfer as a flame thermometer those trace species, crucial to an understanding of the combustion
4.5. Polarization of the flmecere chemistry. LIF, however, depends on the existence of appropriately

S. Conclusions separated electronic states of the molecule in question, and because
6. Acknowledgments of this is generally inapplicable to the closed-shell molecules for
7. References which the Raman methods are well suited. Hence, for a full descrip-

tion of the combustion processes, both LIF and Raman methods are
i. INTRODUCTION necsary.

As noted, LIP has very high sensitivity. For example. under
4o The past few years have seen a significant effort in the development favorable conditions, OH in an atmospheric pressure flame can be
'"% and early application of lasers as probes of combustion processes. d', detected at sub-part-per-billion concentration levels with I mm 3

%'e Several methods termed laser spectroscopic probes provide concen- spatial and 10 nsec temporal resolution, producing a signal level of
trations and temperatures (population distributions over internal - 100 photoelectrons. This sensitivity arises from the fact that LIP.
energy levels) of identifiable molecular species. Chief among these unlike the aman techniques which rely on scattering phenomena,
are spontaneous and coherent Raman scattering and laser-induced involves the creation of a real electronically excited state through
fluorescence (LIF), all of which share a number of common attri- absorption of the laser photons. Concomitant with this sensitivity,
butes. Each has excellent spatial and temporal resolution and is however, arises the chief disadvantage to LIF: because the real

Invited fP& EF-104 Nwd Feb. 1. 19111; & w for MnhWh 11, 81 excited state possesses a finite radiative lifetime, collisions of the
receved by Mamnh Editor March 19. 1"1. excited molecule with the flame ga affect both the magnitude and
1 1961 Soeiety of Photo-Opical Instrumemation Enpnew. spectral distribution of the fluorescence signals.
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iIn this paper, we shal consider collisional effects on LIF mea-
S siements in combustion systems, with particular attention paid to

the important and popular OH molecule. Both quenching (removal R2 7
from the electronically excited state) and energy transfer among NH
internal levels (rotational and / or vibrational) of the excited state will
be addressed. Z OH

As we shall see. it is important to properly include collisionalQ 3
effects in the quantitative employment of LIF. This is most easily

done in the case of OH. for which there exist relatively abundant U
*. •.,. collision data, and especially in air flames, where N2 is often the most
. . probable collision partner, although further research is still needed

for a fully quantitative characterization over a wide-ranging set of c
conditions. We shall also frind that even in the absence of a complete o
set of collisional data, the effects introduced by quenching and

*enera transfer do not diminish the considerable utility of LIF as a
flame probe. Even if collision rates must be estimated. LIF can still ___
provide results of significance for the understanding of. and insight 3069 3357 3358
into, the chemistry of combustion. WAVELENGTH - .

2. MOLECULAR COLLISIONS UNDER FLAME I. 2. WAVELNGTHtofth(0.0) ba-. ofth A 21

CONDTONS - xn , tm of OH and the Al% - X3 -syste af NH. The mellu is

U.L. Gmru cood the reactiut zoemofaCH 4 /N 2 0Oflameat aunoephe pemum. Pm te
ladve lntwaaitlesandan imaedii tht WQA is the same far each iapeces.

" In laser-induced fluorescence, the laser is tuned such that its wave- ft wm found that INHI/tOHI - 0.04.
length matches that of some (identifiable) absorption line of the
desired species (see Fig. 1). The molecule is elevated to a parBpcaua

-'%- Bemause typical molecular radiative rates are of the order of

107 sec-1 , whereas typically rates for collisions causing a change in
energy level are Z 10 sec 1 at I atm. the most likely fate for an
excited molecule is to undergo collisional transfer to some other
level The collisions are qualitatively separated into two categories:

N (i) quenching collisions, with rate Q. which remove the molecule
3 from the electronically excited state as a whole (usually, but not

2 necessay, into the electronic pound state) so that it does not
1 fluoresce (ii) energy transfer collisions (vibrational with rate V, or
0 rotational with rate R) transferring into a different level of the

electronically excited state which can then either undergo further
collisions or emit a photon (see Fig. I). As we shall see. each of these
energy transfer rates is in general specific to the initial and final
quantum states. The rates, in sec- t units, are sums, over all possible
collision partners L of rate constants k times number densities n, e.g..

V - !1 kv(i)ni. (1)

An important parameter is the size of R and/or V relative to Q. If
.V>>Q, an excited molecule will undergo many energy transfer

collisions before quenching. Thus the excited state will attain some
0 broad distribution (perhaps thermal-like) over its internal energy

levels, and the resulting fluorescence spectrum will reflect this wide
distribution. If. on the other hand. Q> R.V, the initially excited
molecules will mostly be quenched before undergoing energy

1i. A mladlagrmof III. i ---,. OO.inrn55e- transfer, and the fluorescence spectrum will be dominated by large
ia wih UP mo emntes tPigs d huaita atm as In OH.

The Wee maims (upma arrw) a g Ipi l I1a42 1 hae) in v' - 1. peaks corresponding to lines emitted from that level directly pumped
Sent of the rouNtie tmrnsfa (N) ei, weshn -t am iumel by the laser. This situation has been termed 'arrested relaxation" or
*wiea (VI and 4', IQI. 'frozen excitation."

In either case it is the ratio of quenching rate to radiative rate
(Einstein spontaneous emission coefficient) A which determines the

rotational level (perhaps one particular component, if electronic fine total fluorescence yield 4it :
structumexists) ofa particular vibrational level of some electronically
excited state. The quantum numbers v' (vibration), N'(rotation), and A A
J'(toad angular momentum) will generally serve to identify a distinct 4t = A + -Q (2)
level in this sen. As the laser is tuned through a series of absorption
lines and the fluorescence monitored as a function of laser wave- which is the number of photons emitted per molecule initially excited
length. a so-called excitation scan is produced. Figure 2. to be by the laser." The approximate equality holds at pressures of the
described further below, displays a small portion of such excitation order of I atm where Q >A. The effective quantum yield Oe for a
scans forOH and NH. with one particular line designated in each case. given experiment. however. contains effects of energy transfer if(as is
In essence. the excitation scan is an absorption spectrum of the mole-
cule of interest, except that detection is via the positive fluorescence " t i .m .mo if itwep tramftr occu and A or Q vanes
signal on a null background instead of the much less sensitive decrease with It. Althoush this often doe occur to siinm de. the corrections am usualiv
in transmitted light in a conventional absorption measurement. minor one ad will be ignored for purpose of discesion a the paper.
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COLLISIONAL EFFECTS ON LASER-INDUCED FLUORESCENCE FLAME MEASUREMENTS

often the case) the fluorescence from only a particular set of excited levels, resulting in an extensive emission spectrum and reduction of
state levels is detected. For example, suppose OH were excited to v = the emission into any given wavelength. ie.. 4l¢• whereas the quench-
I. Then if emission in the ( 1.0) band were detected, ing reduces the overall 411 This. together with a larger ground state

partition function (and thus a smaller fraction of molecules in the
A(I.0) level pumped by the laser) will tend to render LIF less sensitive for

'be = Q+ (3) the larger species. For example. the NH 2 molecule has been readily
excited in many low pressure flow system experiments, and it has

•'" whereas if emission from molecules which have undergone vibra- been detected via laser absorption in a flame.0 However. its observa-

tional energy transfer to v' = I were observed, tion by LIF in atmospheric pressure flames has thus far eluded
efforts at several laboratories, including our own.

_ A(0,0)V The effects of energy transfer within the excited state have been
-e = (4) observed in some detail for OH and are discussed below. Additionally,

Q(Q+V) nonthermal population distributions following laser excitation in

flames have been seen for CH.-$ NH.9' 0 and CN.8 (A published
(Here, A(i,j) is the radiative rate into the (ij) band and any variation sptrum for CI" appears more thermal-like but is not conclusive.)
of Q and V with level is ignored). While none of the data on these other species has been treated

In considering the effects of energy transfer, it should be borne in quantitatively, it is apparent that effects similar to those in OH are
mind that energy transfer within excited states often occurs quite occurring and that qualitative generalizations can be made from the
rapidly. Even vibrational energy transfer cross sections can be sim- hydroxyl results.
ilar to or in excess of gas kinetic values, such that V. R and Q are of For molecules other than OH, bimolecular collision data (for
the same magnitude. This may be due to the role played by attractive both quenching and energy transfer) exist in a spotty fashion, and
forces during such collisions.2 .3 or perhaps communication with seldom at flame temperatures. LIF experiments performed under
energy levels belonging to other electronic states.' Whatever the controlled (sub-atmospheric) pressure conditions constitute the best
reason, the excited state behavior can be quite different from that of means of obtaining the collision rate constants, because of the single-
ground states, where generally R>>V. level excited state preparation inherent in LIF. Quenching is typically

measured by pressure effects on excited state lifetimes (using real-
2.2. IlDVMdui pek time or scanning gated integrator detection) while energy transfer is
In Table I is given a list of species which have been observed using investigated by spectroscopic discrimination of emission from differ-
LIF in flow systems and/or in flames, and which arise as "natural' ent levels, although the two must sometimes be coupled. Even so.
intermediates in the combustion process. The effects of the energy obtaining data at temperatures corresponding to those of flames

remains a problem.
TAsLE I. Combustion Ineemelat. Which Hav Sa Oleewd At the present time (and likely in the future) the OH molecule
Us~ng UF. occupies a premier place in the field of LIF combustion probing. It is

0. N an ubiquitous and important reactive intermediate, so that its pres-
ence can serve to signify the occurrence of combustion, a sort ofOH" index of the degree of reaction. It possesses a well-established spec-

CHI. CN*, C2 . CO troscopic data base and the wavelength regions required are particu-

NHO, NH2  larly convenient from an experimentalist's viewpoint. The collisional
data base for OH, while containing some gaps. is relatively well

NO*, NO2., HNO established. Quenching has been investigated extensively (a term not
82", SH°. So-, SO2 "  necessarily synonymous with "conclusively") while both rotational

and vibrational excited state energy transfer have been studied in
CS, CS 2  detail. Because of this, OH has also come to serve as a test molecule

C2 0, C , HCN for concepts concerning collisional effects and for the quantitative
CH2O. Opursuit of new ideas such as saturation spectroscopy and energy

3CH2  transfer thermometry. Much of the remainder of this paper, particu-
Deniotes that detection has been performed in a flame. larly the energy transfer section, will deal with collisional effects on

OH LIF measurements.

transfer and quenching collisions vary from species to species in 3. QUENCHING
Table 1, though they may be loosely categorized.

In the case of 0 and N atoms, whose fluorescence has been excited Quenching of the excited state determines the overall fluorescence
in a flow discharge using two-photon excitation5 the situation yield Ot [Eq. (2)] and its value is obviously crucial in relating the
should be relatively simple. Only the quenching of one electronic observed fluorescence signals to the desired concentrations. There
state, and possibly transfer among fine structure levels, need be are several ways of dealing with the problem of accounting for the
considered. quenching: (i) calculation of Q using previously measured or esti-

The diatomic hydrides have widely spaced energy levels so that mated bimolecular rate constants; (ii) calibration of the fluorescence
only a tractably small number is of importance. However. this same signals and extrapolation of energy transfer rates; (iii) direct mea-
large spacing may preclude rapid thermalization in the excited state surement of Q in situ; and (iv) optical saturation. Each has advan-
and especially emphasize state-specific effects, compared to the heav- tages and limitations depending on conditions and the problems

. ier diatomics. addressed, and each will be discussed in turn.
% As one proceeds to larger molecules, the effects of collisions may

be expected to generally become more severe. This is basically a 3.1. Calculation or estimation of quenching rates
consequence of the larger number of energy levels available as final In this straightforward approach, Q is calculated as in Eq. (I) using

* states for either energy transfer or quenching. The energy transfer previously measured bimolecular collision rate constants and abso-
spreads the excited molecules over a wide distribution of internal lute number densities of collision partners in the flame. This presup-

aaposes, of course, that each of these is known for the major contribu-
obsaber of ei ut uas obained nms throxie aed ale w a tors: this situation varies with probed species and flame conditions.

Also excluded is a considerable number of larger organic molecules. e.g.. beneene. In the case of OH there exists a number of measurements of k.
amtone. benzyl radicals iec. values for some flame gases. although nearly all of them have been
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Nmadeat room temperature. Schorteld' presents auseful compilation breakage of the N-N bond. However because of the possibility of
of collision rate contants for excited OH! (as well asl several other chemiluminescent excitation within the flame, the existence of emis-
speciink only one measuremet' has appeared subsequently.' Dia- sian does aot aecessarily denote a significant concentration of these
agrasemus is evident: there are nun modern values for kQ(Hz0) radicals in the chemically relevant ground sae
differing by a fctor of three. In outropmnion. the maost reliable values Such information can be supplied with LIF. Figure 2 shows a

*arise fIrons recent LIF experiments where a single level is initially secton of the excitation scan through particular regions of the OH
4excited- these ane summarized in Table 11. The arrnem evident in and NH spectrum; the lase was focused into the luminous reaction

T~suii.auw ft Rw frv,- a Asrom ren Up zone of the flame. In each case the identified line is used to calculate
-sm LUrf w ov m1 AN sl hv the relative concentrations of NH and OHl. Given the near-total

aeeduem-d th elve muot0.63 mo aldet emnwer. atbsence of quenching information for NH. the ratio Q/ A is taken the
4 d"a W"apeu same for both species. This results in a ratio (N H]i (OH] - 0.04 in

111-8 mm 2 13 4 i isthe reaction zone of this flame. A separate absorption measurement
Nnerne 1 4 5 6shows OH to bepresent in typicalylarge amount. - 7X 10cm-3

Thus the concentration of NH is -3 X 1014cm-3, high enough to be
* .~.-..of chemical significance. This finding. using an obviously very simple

* -. Purue approach to the quenching pmoblem is important in setting the stage
for consideration of the chemistry of this flame. a model for which

M2 4.0 LIS 2U L.5 -must address the potential role of nitrogen-containing molecules in
02 - 9.1 0LI - - the chain reactions.

"0 - 37 6 - - Subsequent to this simple experiment and analysis. the measure-
meat was repeated by Anderson and coworkers 10 in a more thorough

N2 7.3 - 11.9 13.7 1.4 ad careful way. taking profiles through the flamne. They found the
I M9 - - - -NH concentration to reach a maximum in the reaction zone- calibrat-

44 02 ing with an absorption measurement4[NH] =(3.S ± 1.3)) X 014 cm-3
Ar - L 037 0.06 in that regio. Our approximate value agrees with this careful deter-
% ~mmnation more closely than our assumption on Q/ A warrants-. but it

- - -demonstrates that useful information on flames can be obtained
N - - - - 6 without undue concern as to quenching.

Table IL among independent measurements in separate labomaoriesm 2 auo n xsonl.o eyease a
A is noteworthy when me isine the fui rang of OH rate constants. This method, due to Steinberg and Schofield.30 does not incorporate

and wkithi the field of enrly transfer in general,. in which there absolute colliion rates but rather only their temperature depen-
usualy exists far higherpecionthncuay Nonethelesiow p dencm. A narrow bandwidth detector senises only emission from the

ardesa evident, andl there ar no modesm (UF) data for the impoitisally pumped level, so that the effective quantum yield in their
et pse Mi., CO. or &We moiscuhLu Fohemow thate am leb experiment is determined by the sum Q + V + R [compare Eq. (3)]:

datflammprasresvaho& = (N2) insfRam? is larger than -A(++) 5
expected for a simpl T1 1 a Mxn n ilem room temperature. 2 In gOAJQ V R
considering the1 imprtan H2/02 flames, including those with Ar
duihshou benodthtMlkQ(H)-6Xlrl~m)sscl; kQ(O) Now this rate for total collisional transfer from the initially excited

and kQ(OH) have neow been megued. level is large and pro habit does not involve energy barriers, so that the
Using such rate constnts Bechtel and Toms calculated quench rate constants scale aTf 2 from the mean velocity variation. The

rIat as c flame position to reduce their LIP dWa on OH in an number density ofcollisionprtners varieas rT at constant pressure
atmospheric pressure CH4/ air flame. Number densities of the pmn- so that for two positions a different temperafure within the flameFZ cipal collisio partners, were determined. at each flame position, by12Raman profiles for the major species. The absolute OH concentra- **(x,)i $,(x2) - [T(xl)IT(x2)]" 2  (6)
tion is normalized to lser absorption measurements in the post-
flame geses. The resuling profile of OHthrough the reaction zone The position x, is chosen to be downstream atss point where the
(where the absorption is too weak to measure) is in good agreement concentrations of all desired fluorescing species can be confidently
with the predictions for a theoretical model of this flame. These calculated from chemical equilibrium considerations. Then. with S
results are encouraging regerding the use of calculated quenching denoting fluorescence signals,
rates for the reduction of Off LIF fomOasurements.x)4x.)~x)iSx 2 *( 1
and NO in H2 021 Ar flames, doped with CH3CN. The racal con-
centrations are deduced using previously determined or estimated [ (x,)nx,);S(x2)] (X2)T(x 1 )]' 2i'
quenching rate constants and calculated values of collision partner
densitis, The results fit realistically into a model of the chemistry, (Alternatively. the concentration at x, could be determined by anspain suggesting proper (at leas adequate) handling of the absorption measurement, as in Refs. lb and IS, if sufficient absorp-
quenching. tion were present). The technique was used to obtain profiles of OH.Under some conditions, even a rather crude estimation of the SH. S2. SO and SO2 in the post-flame Sase of H12 02, N, flamesquenching rate can provide valuable information. As an example seedwtHSoasoinsigesufrcmsrynfle.

consdermeaureent whch e hae mde n aC H1' 20 me. This is an a tractive technique for laboratory flamesg for both itsBecause the N-N bond strength in N20 is 4.93 eV. while the N..0 simple handling ofthe quenching problem and built-in calibration ofbond strength is 1.168 eV. the obvious chemical mechanism would thdeetosyemadgmtrclftr.Slcinofhenta-K. ~h dH . ofwiheoedtion Rysem a0. beauenetrtemeractrsSeecto northe olecilarInvolve the splitting off of the oxygen atom and subsequent oxida- ly excited level and an isolated transition is possible in general. buttion of the hydrocarbon. The emission spectrum of this flame shows rasmmb oea h xes fsga ee n ecbadsde o NH N adCNal rsetrog sensitivity. It is most useful through the post-flame region as
Olt houd b Ga th add~c~% u cnumfor ON ShMWl be fflultitpld by

Li~b~dMS §W0E?5iauiwruiuu~dVO WOUNIS Muhd a Peferrvau f cmoiin ftecliineniomn svrin rtia.A
LN* .0 S 0M on approches th reacton zone the lvis ng als'sr

4.%



COLLISIONAL EFFECTS ON LASER-INDUCED FLUORESCENCE FLAME MEASUREMENTS

footing: relative values of kQ, kv , and kit vary from one collision 3.4. Setwted LIF
partner to another, and a temperature dependence more complex This method was first suggested by Piepmeier 3 for detection of
than T" 2 may become noticeable over a larger temperature rang. atoms in flames, and later extended by Daily 2" to consider LIF
As more energy transfer rate constants. and especially their temperature probing of combustion intermediates. The essential impetus which
dependence, become available, this method will become useful over a has driven development of this technique is a desire to make accurate
broader set of conditions. absolute time-resolved measurements in systems whose temperature.

composition and density vary with time, such as one encounters in
33.. Dirlt Uetw meonsmemlts turbulent combustion or in detonations. In such situations. the

r. Under certain conditions it is possible to directly measure the instantaneous collisional environment may be very poorly character-
quenching rate of the laser-excited molecules in situ. Consider a ized. so that Q cannot'be calculated or estimated with confidence.
short laser pulse creating an initial excited state population' no at The saturation method seeks to circumvent this by operation at high
time t = 0. The excited state will then decay exponentially as enough laser intensity that the signal level is independent of Q.

In concept the method is elegant and simple. Figure 3(a) illus-
I • n(t) = nexp[-(Q+A)t]. (8) trates the situation for a two-level system. The signal level in this case

Thus a measurement of the time-dependent decay curve of the fluo-
rescence furnishes Q + A. This is the typical method for the LIF R

*i measurement of radiative lifetimes and quenching rate constants --
such as those of Table Ii.

The limitation on this method is the requirement that Q
Q+A<7 L'- where TL is the laser pulse length. (If this were not the

A case, the excited state would decay rapidly following excitation, and -
the time dependence of the signal would simply follow the laser B! SI 0 8! SI

-, temporal pulse shape.) For a typical rL - 10 nsec. this then limits the
maximum Q + A to -3 X 107 sect- for usable signals. For OH. this
would correspond to a maximum pressure of N2 - 100 torr at flame
temperatures, and less if H20 is present. Hence, this method is not -

useful for atmospheric flames! --

The method is. however, eminently suitable for low-pressure
flames. It has been applied to flames of propane-oxygen at total (a) (i
pressures -20 tor by Stepowski and Cottereau.22 Quenching
rates, ranging from 2.5 to 3. 1 X 107 sec- 1. were measured at three F1 3. geta..,iwe law! diogram for stWims IIO i-ctosp . Is the
different stoichiometries, in good agreement with those calculated h eeptm"/uimulasd emI Wrateforlseeri ntonutol.ys)Ildealesedtwo
from bimolecular IcQ values. An important and somewhat surprising lwi ylstam. lb Molecorso yonem with interl tsvls. In geral. enegy
result 2 is the nearly constant value of Q found to exist throughout bosfr mes inh a grmnd st am sWa wa t hose l n tis exalted
the entire luminous zone and into the burnt gsR region. The authors etm.

attribute this to an early rapid increase in the concentration of the
efficient quencher H20, and a lack of sensitivity of the quenching in given by'
rate to temperature.

Stepowski and Cattereau also point out2' that, for a short-pulse ABIn
laser rL>Q +A. the absolute concentration can be obtained from S = (9)
the pek value no and knowledge of rL, although use of the integrat- Q+A +231
ed signal where B = k3A/2hc3 is the Einstein absorption coefficient. The

presence of the term 2B in the denominator arises from the fact that
% at sufficiently high lasr intensity, stimulated emission at a rate Bln

nf d constitutes a significant process for returning the atom from e to g.
n(t)dt At very high laser intensity, where BI>>Q+AeQ, S approaches

the asymptotic value Ang/2, independent of Q. (At low values
BI<<Q. Eq. (9) reduces to Eq. (2) because ft = S/Blng by
definition.)

and the directly measured decay rate should provide more accurate Thus a measurement of the absolute signal as I -s furnishes an
results, absolute concentration nr requiring for the analysis only an inde-

For flame conditions such that it is experimentally tractoble. this pendently measured value of A. Relative measurements of S. as a
direct determination of Q is the decidedly preferable method, relying function of I measured absolutely, yield the quench rate Q; inverting
on no assumptions about rate constants, their temperature depen- Eq. (9) one obtains
dence, or the gas composition. It also serves as an important means S- CC[2+(Q+A)/I]
of investigating with low-pressure flames the validity of calculated or (10)
estimated quenching rates for use at higher pressure; this will be

* - particularly valuable for high temperature conditions, as with the so that a plot of S- I versus I- I yields Q (in terms of a known A and
existing results for propane/oxygen through the flame front. calculable B) from the slope to intercept ratio.23

Saturation behavior in flames was first observed for C2 by
ronavski and McDonald. 26 It has also been studied experimentally

In concept. wean here summingover all excited state internal levels and asumingQ for Na.25.27-32MgO.m CH and CN." and OH." It became apparent
end A indepeacesw of lkel in the sense of Eq. (2) for present discussion. In practice one that spatial and temporal profiles of the laser beam must be consid-
mshe imea deefectequenchindr.te includtngenerl transfer.anEq.(3) bu t eredll. 3 5 for quantitative results. Creation of a significant excited
this is midily incorporaed.

40 'in Principle. picosecond lasers and fast detection methods could increase the useful.-%. ~ ~ =t Inr nl.Hwerth m rytcoilsooumrome at the present N~eliecti8 ieometricall factors. detection eff'iciencies. tc.. assuming for simplicity equal

pssr ran= .Howeme. the necessary technology is too cumbeso t thprsn ieecnhoerca
.• tame to coemder this a currently practical extension. degeneracies in each state, and using a steady-state approximation.
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state population can result in perturbations in the chemistry and not. in our opinion. realistically consider ground state relaxation, in
tooddconcamucat ofthe probed species. ' if theelectronically excited that they leave out the slow vibrational transfer. Until that issue is
state processes different reaction rate constants from those of the addressed, through experimental rate constant determiauon. it will
Wound stme. Such lsesr-induced chemistry does not occur under all be difficult to assess the validity of various truncated-level
flam conditions. however.f and can often be avoided through the approaches.
ue ofsufficiently short (10 su) las pulas. The rate constants needed to develop saturated LIF into a quan-

Morn important, within the context of this review, is the fact that titauve method generally encompass those needed for the means of
.enrly truansfer among the internal vibrational and rotational levels accouning for quenching in Sections I and 2. Thus, for molecules, it

of molecules can greatly modify the situation, compared to the does not appear that saturation spectroscopy possesses inherent
* . two-ieve system picture Figure 3(b) schematically illustrates such advantages with regard to accuracy. In laboratory flames. where

effects. The lasr strongly couples a pair of levels and g. equalizing there exists the leisure to characterie the collision environment.
their population at hip 1. However, collisional processes transfer calibrate the fluorescence signal etc., operation in a nonsaturation
population from* to otherexcited state levels: these as well as e itself regime appears preferable. However, when that is not possible, for
may be quenched to some distribution over ground state energy example in turbulent combustion, the saturation method remains
levels. Because energy transfer rates (especially vibrational) in the promising and warrants continued developenL Such further study
ground state are generally slower than those in the excited state, the should concentrate on OH. which will probably command the bulk
population of level 8 is collisionally repleted more slowly than the ofthe LIF attention in nonlaboratory flames. Of course, saturation
population of e is depleted. The net result is that during the lae periments on other species, performed under controlled condi-
pulse. a fraction of the population in the pair of levels e and g tions. can be an important tool in developing the technique and
connected by the Lase is transferred into other levels. The relation- understanding the energy transfer itselL
ship between the population in the pair, which determines the men-
sued sial leve Wand the total molecular population depends sharply 4. ENERGY TRANSFER
on the relative energy transfer res.

There exist two limiting case in which the energy transfer can be As we have seen, quenching modifies the overall signal levels and
treated simply.3 If quenching of e directly back to I is much more total quantum yield for LIF. Collisions which cause energy transfer
rapid than energy trander out of e. there is no communication with among the vibrational levels of the excited state, on the other hand.
other levels and the system behaves like a two-level system. T alter the spectral shape of the fluorescence and determine the effec.
quench rate Q obtained from the S"I versus I- 1 plot (Eq. (10)] tive quantum yield 4e into a given detector bandwidth.
would be the correct value. Although comiderable quenching direct- The value of 0e is obviously needed to determine concentrations
ly back to g is unrealistic for a true molecule, this limit will be from the LIF measurements. In addition, if 4. varies with energy
approached ifQ >R.V. Conversely. ift R. V>Q, the upper state level from within the excited state, the energy trnfer can significant-
will thmalize before quenching. Then the appar m quench rate ly influence the value of the temperature determined by relative
plot based on Eq. (10) would be Q times the upper state partition intensity measurements as in an excitation scan. Knowledge of the
function. Forexample. the reported" Q for C2 was 1.2X 1 2 seC- n temperature is required in order to reduce the LIP concentration
if the excited C were to fully thermalize this would correspond to an data, in the relationship between toad molecular population and the
actual Q of 1.73( 10Xse-. A value Q- 1i0se- t is physically reals. population in the ground ste level responsible for the absorption of
mtic suggesting significan relaxation occurs before quenching in this the lasr radiation. Of course, the temperature can be obtained by
molecule. other means, although its determination using LIF ensures ready

-The intermediate situation, when Q-R.V. h b spatial coincidence with the concentration measurement.
in a numerical model ofthe response ofOH to laweexcition, u The growing evidence from many regimes that much molecular

S-,, condition approaching optical saturation and in a collision envi- energy traifer is statespecific., that is, the rates are dependent on the
ronmem at 2000 K corresponding to the burnt gases of an atmo- individual quantum states involved, suggests that its influence must
spheric pressu methane-air flame.3% The model, a solution of time- be considered in some detal. In fact, observations on state-resolved
dependent equations. describes excited-state energy transfer based energy transfer in flames are important in providing information on
on previously measured state4pecific rate constants.3' and includes high temperature collision dynamics which supplements the more
pround-state energy transfer with estimated rate constants. The spirit typical low-pressure flow system energy transfer experiments. usually
of the model was not the provision of a quantitative means of performed at room temperature. Additionally. of direct interest for
analyzing saturated LIP in OH. but rather an exploration of the combustion itself is the description of how molecules with excess
abovequalitativeconcepts usingrealistic parameters. The chief find- energy (e.g.. as formed in an exoergic chemical reaction) approach
inp were several. First, the steady-state approximation is not fully thermal equilibrium
valid for 10 sec laser pulses in an atmospheric pressure flame. This The irmt laser-based measurements of state-specific energy
has received qualitative confirmation in the experiments of Lucht. transfer in flames involved single- and double-photon excitation of
Sweeney and Laurendeaum who observe a slight time dependence in several electronic states of Na in C2H2 / air. 2 The intensities of fluo-
the emission from lIser-excited OH apart from that which simply rescence from four levels were measured following initial excitation
follows the laser pulse. Second, the apparent quench rate tends of one of them with the laser, and the measurements were repeated
toward the qualitative limits as the true" Q is artificially varied with each of the four levels being initially excited. Determination of
relative to R. V. Finally, the importance of pound-state relaxation is the relative populations permitted the extraction of energy transfer
clear. Using an estimated but realistic V(ground)-2X 106sec- , it ratesspecificto initial and final states. The resultsshowed that the Na
was found that 40% of the population was tied up in other ground relaxed in a stelwise fashion preferentially to nearby levels. expe-
state vibrational levels, and that significant alteration of the ground riencing a significant degree of population of intermediate levels
state rotational distribution occurred. before returning to the ground state. A similar, independent study"'

Sevnal other modelsa*ofthis process have also been constructed. soon followed; in it rates were not deduced although the observations
These generally consider the molecular internal structure in terms of were consistent with the results in Ref. 32.
a highly truncated number of levels. so that the energy transfer may The first measurements of state-specific energy transfer, however.
be described by a small number of parameters. This is a sensible well pre-date the laser era. Carrington,3 used atomic line excitation
approach and is probably ultimately realizable, at least for some of a single level in OH in low-pressure and atmospheric flames. He
range ofconditions. However. the present truncated level models do observed a nonthermal rotational distribution and deduced a ratio

R Q - 2.2. This important experiment showed that neither the rapid
quenching nor the thermalization limit applied for OH and that the

.r.. e... lwi dmimi eommmu faoUq Ref. 3L energy transfer must be considered on a detailed basis.
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COLLISIONAL EFFECTS ON LASER-INDUCED FLUORESCENCE FLAME MEASUREMENTS

As noted above, nonthermal distributions following single-level (Tm- 1900 K) of a methane air flame at atmospheric pressure; rota-
laser excitation have been observed for a number of species. Only for tional level population distributions were determined for initial exci-
OH, however, do quantitative results exist. and this molecule is the tation of the F t (l), FL(5). F2(5). F 10). F2(0) and F,(l5) levels.
subject of the remainder of this section. For reference, individual The observed distributions exhiit the following features: (i) The
rotational levels for v' = 0. I and 2 of the A2 Y.+ excited state are total amount of rotational transfer which occurs decreases with
shown in Fig. 4. N'labels the rotational quantum number. Each level increasing N'; this will be discussed in more detail below. (ii) Transfer
(save that with N' = 0) is a closely spaced doublet; these are labeled by upward from the pumped level is described by a thermal-like distri-
F, (NJ and F2(N). An F, level has J'= N'+ 1/2 and an F2 level has J bution. although the apparent temperature is an artificial one whose
=N'- I/2, where 'is the total angular momentum. composed of N' value increases with N'. (iii) Downward transfer is described by a
and the spin angular momentum S'; thus in an F, level S' is more or statistical distribution, proportional to the final-state degeneracy,
less parallel to N' whereas in an F2 level they are more or less with little or no energy dependence. (iv) Transfer to the same spin
antiparalleL. component (F-F, and F2-F 2) is favored over F,-F 2 for

__NZ 4. (t) In general, transfer to nearby levels (small Ai is
favored but multiquantum (I AN' > 1) transfer in a single collision

10 clearly takes place.
These features are generally what would be expected from consid-

eration of the room-temperature, state-specific rotational energy
20 15 transfer rate constants of N col'asions,"7 where similar behavior is

. ____seen. A computational prediction36 of the distributions utilizes an
5 information theoretic" form of those experimental rate constants

_____-constructed for extrapolation to high temperatures. It is in good
qualitative agreement with the experiments, although in particular

2 the observed propensity for F I, F2 conservation is larger than the
model suggests.

_Chan and Daily 4s have performed similar experiments pumping a
series of lower-lying levels (N'= I to 5). They use a more sophisticat-

10 ed form of the state-specific transfer rates, again based on the exper-
imental results of Ref. 37. A fit of the model to -40 observed

__,__._ populations is in very good agreement (-20% typical) with, pleasingly.
- 4000 15 little sensitivity to the precise values of additional parameters intro-

duced beyond the information theoretic form.
5,, Stepowski and Cottereauft have performed experiments in a low

% pressure flame, where Q<<rL-I. The FI(7) level is pumped and
rotationally resolved fluorescence is observed at successive time delays
following the exciting laser pulse. This permits the determination of

1 the time evolution of the population distribution governed by the
same state-specific rate constants. Again, similar features are noted,

.r _including good agreement for the total energy transfer rate with the
low-temperature Ar results.37 using a flame diluted with that gas.

10 In an even more recent experiment, 7 the excitation is to a mixture
of F 1 (I), F2 (1) and P 1 (3). Upward transfer to very high levels (N'> 8)
is described by a thermal distribution having a derived temperature
close to that of the flame. This result is not inconsistent with those of
Ref. 43, in which transfer to such high levels was not measured for
N'= I excitation.

As discussed above, the ratio Q/ R forms a simple measure of the
degree of thermalization which occurs in the excited state prior to

0 emission. A very simple interpretation of the energy transfer data
0 permits the determination of this quantity. Consider that rotational

energy transfer, at rate R, transfers molecules from the initially
Fig. 4. Emgy level dagrm for the A21sta of OH. measured relative excited level e into all other levels, o, as schematically illustrated in
towthe t l evl In v'= 0. The spin doublet structure is mail and not Fig. S. Levels o are then quenched at the rate Q; back-transfer into e

%- shown. The numbers to the right of each stack denote N' and the values is ignored. A steady state approximation is applied to No, the popu-
below seii m v'. The srows mark the predilocltion limits in each lation of the pumped levels:
vibrail level.

'3 dnotdt = 0 = Rne - Qno  (1)
4.1. Rotational energy tmnsfer
Most of the experiments on energy transfer are performed in a and
similar way: the laser is tuned to excite a specific level, and the
fluorescence is dispersed through a spectrometer. From the intensi- ne/n 0 - Q/R. (12)
ties of the rotationally resolved lines are obtained relative popula-
tions in each level. In some cases a study of the time dependence of The results for Qi R determined in this way from several investiga-
the observed signals provides the desired information. tions are presented in Fig. 6 as a function of the rotational quantum

Several groups have studied rotational energy transfer within the number N' of the initially pumped level. (The value of the Chan and
v'= 0 level of electronically excited OH. and the results are generally Daily experiments is from our analysis of a spectrum published
quite consistent. The observations reveal distinctly state-specific earlier" by those authors, and the value for the computational
behavior, which is reasonably well described using a rate constant modeP' arises from a similar treatment of the model predictions as if
model based on room temperature measurements. it were experimental data.) The error bars, where shown, are the

Smith and Crosley"3 performed measurements in the burnt gases estimates of the original authors. There exists impressive agreement
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CROSLEY

cence spectraJ' obtained pumping a series of levels in v' 1 . Of
particular interest is a marked decrease in the amount of rotational

MANIFOLD transfer for levels above the predisaociauion limit (see Fit. 4), comn-
N, pared with the amount for levels below this limit. Additionally. a

___________ smaller amount of vibrational transfer occurs for the higher levels
(see next section). Thus, for these very high levels. the behavior of

EXCITIO LEVEL ________ OH is tending more toward the frozen excitation limit. Whether this
is directly associated with the predissociation. or simply the large

' N, level spacing in this region, is not yet known.

&L2 ViednmI mups wlroaer
0 _________ The only study of vibrational energy transfer in nlames is that of

__________ Smith and Croutley.39 The levels N' = 1. 5. 10 and IS of v- I were
LAMMR pumped. and fluorescence scans taken.

The rotational population distribution in v' - I is dominated by
the initially pumped mlevl so that the measured vibrational transfer
rate V can be ascribed to that level The results exhibited a marked
decrease in Vwith increasing N'of v= I (see Fig. 7). An even larger

31.3. Olmgsmedeffilmglevalasidi mamafere s~plIfie I anlylalad. ____________

* 0.75

00.1

0.4

I I

0 10i 1 5 10 is

PI&6. 0/3 a faumM hood' ofOM1 ini1a. Ckd s o. 43; X Ret. 47, PFW7. V/Gasa'sh s cdo N'lnv- 1. The inednmnleemhuia
010080C. Ref. 36: ;ue hsaTeane. Rot. 46;t Trkangle not. 44; Squmu. the Uneer helaler me& sinvmed.Lhut 04m exiam no fundunel resson
Ref. 4L. ',, for smh a relesdsnehp.

among11011 the differen experimenlts; although different nlames were decrease was observed in room temperature experiments;' the coin.
used In som cues, the measurements were all made in the burnt parison provides further (though not definitive) evience for a rota-
pass Where a similar collisional envilronmenst exiss tionally dependent barrier on the potential energy surface on which

The increa1e in the ratio Q/ Rt with increasing N' is strikingl occurs the vibrational energy transfer.
* evident. Becaus quenching is an exolergic process, transferrig larg The rotational distribution for the molecules which underwent

1111110121211of energy away from the OH. it is not aprobable candidate transfer to v1- 0wall measured. For an initial Y- 1. S and 10 in v'=
forNW'variasioa Morelikelyto vary is . because transferwith snag 1 la t ermal distribution over'in v'- 0was (ound. with T -2200 K
IANI i P1preferred andth energy separation between adjacent levels agreeing for each within experimental error of - 100 K. This is
does inerase linearly with N'. The only direct (singles-coftiion) ma.- slightly higher than the flame temperature of I1900 K. Perhaps excess
surment offer littl guidance. The, available for room tempera. rotational energy results from the loss of vibrational energy. Thermal
ture and low N', show both quenching "4and rotaltionali eneru distributions with T higher than the ambient temperaiture, but inde-
trasfer7 to be constanst over the rag N' - I to 6. pendent of initial N'in v' = 1. were also found in the low temperature

This variatio, must be included in any type of truncated-level experiments.
approach*' for treating saturated LIF. Even the sate.scifc A higher temperature (3300 t 300 K) was determined for the
computational modelsi&5.414 of the rotational distributions have distribution for the initial level N' = IS. Again. whether this is
assumeld a constant value for this ratio, based on the room- directly related to the predissociation is unknown.
temperatur experimsent$. and must be amended to provide a micro-
scopically realistic description.

Rotational energyU transer in v'- I has not yet been determined 4. Enrg tiff~d effeel on LIP signak
quantitativel. Because the degree of thermajization is there gVy- Becuse ofthe rather corse rotational structure of the OH spectrum.
WruAdby the raio R/ (V +- Q), even lessrotational transfer is expected a bandpass of IS to 30 A for an LIF experiment using spectrometer
to occur. This is borne out by qualitative consideration of fluores- detection, which is a typical experimental configuration, will Mont-
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tor only certain upper state levels. For example, a finite bandpass because of interfering species or to reduce the background flame
centered near the intense Q2 head of the (0.0) band will discriminate luminosity.
against P and Q branches of high N'. Due to the rotational energy Vibrational transfer can affect signal levels in a similar way.50

transfer, which mostly populates nearby levels, the set of levels of Excitation to v' = I and observation of emission from molecules
high Ncontainagreater portion of the entire upper state population collisionally transferred to v' = 0 is a convenient way to avoid
when a level with high N' is pumped by the laser. Thus the ground- scattered laser light. However, the rate of vibrational transfer V and
state populations for levels of high N' will appear anomalously low. hence the effective quantum yield 40 for this scheme depends on N'

. If an excitation scan across a series of rotational lines is made, the (see Fig. 7). Again, errors of several hundred degrees can result
resulting temperatures derived from a Boltzmann plot would be too depending on the range of N covered in the experiment.
low due to this effect. Similarly, the OH concentration obtained from An examination s of previously published determinations 2-5' of
excitation of an individual line could be systematically in error. temperatures from LIF in OH did not reveal direct evidence of

The influence of energy transfer on temperatures determined by possible energy transfer bias, beyond data scatter, except perhaps in
LIF with narrowband detection has been qualitatively investigated Ref. 52. In fact agreement with temperatures measured by other
for a single set of flame conditions.5 ' The "true" temperature of a means was achieved in some cases. Nonetheless it would appear
CH4/air is determined using excitation scans with a broadband prudent, in the light of the results expressed in Figs. 7 and 8, to
detector unaffected by the energy transfer considerations. Smoothed consider possible errors during experiment design stajg-s. In an
rotational population distributions obtained from Ref. 43 were used experiment on NH in a CH 4 'N 0 flame, using a 10 A detection
to generate a synthetic spectrum for each level pumped, and to bandwidth, observed non-Botzmann distributions from an
calculate relative values of *'e for a defined detector center wave- excitation scan have been ascribed to energy transfer.' 0

length and bandpass. The model predictions were then compared Cattolica" has developed the method of two-line fluorescence, in
with experiment using the same detector parameters; the results are order to circumvent problems due to both quenching and energy
shown as Boltzmann plots in Fig. 8. It is to be emphasized that the transfer in temperature determinations by LIF. In this method, the

molecule is excited to the same upper level fon two different ground
state levels. Thus any excited state collisional effects will cancel out in

0 taking the ratio of the fluorescence intensities, which then directly
yields the ratio of the two level populations. The two ground state
levels may differ in rotational spacing, with AN = 2 possible in OH

-- _ Actual Distribution using a satellite line as one pump transition, or they may belong to
0 - Model Calculation different vibrational levels; the choice depends on the temperature

1 0 OA Experiment range to be probed. However, if OH concentrations, and not just
temperatures, are to be deduced from the same measurements, the

A collision effects must be considered.

4.4. Energy tnmufer n a flame theruometer
2 Two attempts have been made to change energy transfer from a

4*, possible complication into a useful tool. Each seeks to exploit the
*energy transfer to determine the temperature simultaneously with

N the OH concentration, in a single laser shot. Such information
N correlating the temperature with the OH density will be useful in

3 N validating models of reactive time dependent flow. (As in Cattolica's
two-line method, which is also suitable for single shot measurements
of temperatures, rates must be known to determine absolute
concentrations.)

Chan and Daily4' measured the fluorescence spectrum following
4 - excitation of a single rotational level in v'= 0. The spectra were fit to

the model'5 mentioned above, in which Chan and Daily added
several parameters to a surprisal theory extension of the low temper-
ature rate constants. In this study, the temperature was considered as
a parameter determined by fitting the observed spectrum to the

5 model. The sensitivity of the derived temperature to the results arises
0 2000 4000 mostly through populations of levels with high N'; these are populatedENERGY, cm"1  through upward transfer with rate constants related to those of the

downward process by detailed balancing. Good agreement with

thermocouple measurements over the range 1880 to 2010 K was
eired by UP in OH are shown te otmann plot ofapparent rs. achieved. Although the fluorescence spectrum was obtained by
dton. The dleswbudon observed experlmentally by the broadband runs Is scanning the spectrometer and averaging over many laser pulses.
given by the dotted n. The rotational energy distributlon we used to single shot results could be achieved using an optical multichannel
crease a synthetic spectrum and predict the apparent populations for a analyzer to record the entire spectrum at once.
naowbend run. The corresponding neeeowbnd experiment is shown by Crosley and Smith s have investigated vibrational energy transfer
thedewpoints. Theactualtempersture(dashedline)is19OOKwhilethe as a flame thermometer. Here, v' = 0 is pumped. A few of the

erenttmn ue fronm the naroend run (pointal Ia 1200 K. molecules undergo transfer upwards to v' = I. with a rate given by
Vexp(-.IE, kT). This is obtained from detailed balancing on the

model predictions arise from measurements of the rotational distri- downward rate. V, and expressed in terms of the vibrational spacing
butions. independent of the plotted experimental points. That is, no AE. The molecules in v'= I are collisionally removed at a rate V +
fitted parameters are involved, and the influence of the rotational so a steady state balance on n, yields
energy transfer can be clearly seen. Using narrowband detection can
lead to errors of several hundred degrees, if the transfer is not nI(V + Q) = nVexp(-.1E kT). (13)
accounted for. An obvious conclusion is to use wideband detection.
although in some cases narrowband detection may be necessary This leads to an expression for the temperature
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A' 5. CONCLUSIONS
T an -78-+ (14) In this review we have attempted to consider. in a fairly comprehen-k sive way. collisional effects which are known (or at least conjectured)

to influence the magnitude and, or spectral form of UIF signals in
combustion systems. We have seen that a quantitative treatment

in terms oftbs measured ratio /no/%and the quantity Q/ V. Usingain must account for quenching and, for some situations, include a
average value of V/ Q an 2.2 from measurements of downward state-to-state description of energy transfer. In some casm this may
transfer led to a temperature in good agreement with that from a be very difficult, due to the lack of certain rate constants or a detailed

rouitial excttatoo scalo9 The use of deltailed baacng. even characterization of the collisional environment.
wham v' -0 is not in rotational thermal equilibrium under these These considerations are important and further research is
conditions,"1 is validated by the observation"O of common thermal needed topac them on a still firmer foundation. However, in spite
distribustionsi Y'- -0 following downward transfer from vr' - 1. of them LIP remains a very powerful and useful tool for combustion

The vibratil transfer experiment. though actually performed studies. Quenching can be treated in Laboratory flames through
by averagiag over several lase pulses. is also suitable foir single-shot calculattion, calibration. or direct lifetime measurements. In the
meaurements using only two fltered photomultipliers. This futue we expect that saturation spectroscopy in OH can be made
requirets much lss data storage and fing than does the rotational reasonably quantitative for certain definable ranges of conditions, if
unaser thermometry, and may thus be advantageous for the coili- the ground state energy transfer is addressed experimentally.
sictm of many single-sholt masurements in a turbulent sy-z In particular, it is important to recognize that LIP is predominate-
Addiionally ao complex model is rquired& On the other hand, any ly a tool for the understanding of combustion chemistry. Most
two-point measuroeen is inherently less accurate than one which investigations of this topic are (and should be) performed in lahora-
possoesconsidlerable data redundancy, as in the rotational transfer tory flames, where the collisional environment can usually be charac-

thrmmtr eprien.and a value for Q/ V is eurd terized if necessary. However, even when it is unable to furnish
dmier accurate absolute concentration measurements. LIP can still provide

crucial information about, and insight into, the pertinent chemical
*4 .. P of thenmaie norielesee networks. The evidence may be ratios of concentrations of two or

In UIP measurements on flames, the fluorescent signals are collected more intermediates, relative profiles or rates of change in certan
with souse peacular detecilon geometry (usually 90, with respect to zones, or just the detection of some key species even with large error
t exciting beam). This anisotropy can affect the effective quatum bars. A simple example is the CNH]/ [OH] measurement in CH 4 ,' N20
yields"priulauly if the exciting laser is polarized. Essentially. the flames. Clearly, with the proper design of the experimenal ques-
emission transition dipole is parallel to the absorption transition tons, useful and important reults can be obtained well in advance of
dipoile in a collision-fre environmenL Molecular rotattion reduces a ful quaneative characterization of all the collisional effects.
the deges of anisoeropy but does not remove it. Calcuatons of the
degre otf anisotropy have been performed for 014,"1 and they show L ACKNOWLEDGMENTS
that the effecitscan be arV in the absence of collisions. For exampe, Our studies of energy transfer in flames have been the result of a
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TWO-PHOTON LASER-INDUCED FLUORESCENCE IN OXYGEN AND NITROGEN ATOMS
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Two-photon absorption is used to populate the 3p 3P state of 0 and the 2s 22p 2 3p 4 Do state of N in a flow discharge.
Exciting photons are produced by anti-Stokes Raman frequency conversion of tunable UV laser radiation; the resulting
near IR fluorescence from the excited state yielded lifetimes, quenching rates, and relative two-photon transition probabil-
ities.

New methods for the selective excitation of high- atoms in the upper atmosphere using the two-photon
lying states in atoms continue to become possible transition experimentally observed here.
with the ever-increasing variety of laser sources and In fig. 1 are shown the energy levels [6] involved
techniques. These state-selective excitation tech- in the experiment for both 0 and N. In each case, the
niques allow the determination of a variety of new
fundamental information concerning the spectro- 2pp
scopic and collisional properties of atoms. We describe 2p2 3p 400
here the first observation of laser-induced fluorescence 3P 3

p 9 nm
in oxygen and nitrogen atoms, excited by two-photon nm "-
absorption in the ultraviolet. Although two-photon 2p2 3S

absorption has been previously used to excite high- 323S

lying states in atoms [ 1-31, the recent availability
of widely-tunable narrow-band radiation in the UV,
as exploited in this study, opens up the possibility of 7
experiments on a broad number of atomic and
molecular species and excited states. In particular,
this technique of two-photon laser-induced fluores- -....

cence can provide structural and collisional informa- --...

tion about the excited states of important atomic u 40

radicals. For example, lifetimes, quenching rates and W

relative two-photon transition probabilities are de- 228 nm 211 nm
termined here for excited states in 0 and N atoms.
In addition, the technique holds considerable promise 20
as a diagnostic tool for detecting these elusive atomic
species at low concentration in systems such as
flames and plasmas. One example of this application 2P 3p 2P3 4 so
is the proposal [4,51 to remotely detect oxygen 0

, OXYGEN NITROGEN

* Prumat addres: Quanta-Ray, Inc., Mountain View, Fig. 1. Relevant energy levels for the two-photon excitation
California. USA. of atomic oxygen and nitrogen.
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atom is raised to the first electronically excited state The two-ohoton absorption cross section may be
of the same symmetry and multiplicity as the ground written [9] for a transition from the ground state
state, through the absorption of two ultraviolet with angular momentum J to an excited state J, as
photons of equal wavelength. The atom then emits (221 ,)l (JeIltJXJglIJg)I
an infrared photon in a transition terminating on an ( ir ,g(2V ), (I)

excited state of opposite symmetry; in this case it C IT ,j A(2v), (1)

happens to be the upper state of the main resonance
line of the species. Detection of this photon forms the where the term i runs over all single-photon-accessible
observed signal. Similar schemes can be designed for states, V and g(2vt) are the laser frequency and nor-
other atoms (e.g. H, C, S. F) and for higher-lying malized lineshape function for the atomic transition,

- ~electronic states, respectively, and AE, -= - his2. If the laser line-
The laser radiation at the required wavelengths is width, Ave, is much larger than the atomic Doppler

provided by anti-Stokes Raman shifting [71 of fre- width, then g(2vg) can be approximated (101 by
quency doubled, tunable dye laser radiation. Radia- (21/2 ,2)- I. For the P - P transition in 0, the inter-
tion of energy f20 mJ per 8 ns pulse at 314 nm mediate state could be either an S or a D state but
(0 atoms) or 286 nm (N atoms) is directed into a cell for N, which is S - D, it must be a P state. Because
containing 1 10 atm of H2. A Pellin-Brocha prism of the energy denominator ,.i and the strong oscil-
separates the several shifted wavelengths, and the de- lator strengths involved in the pertinent single-photon
sired third anti-Stokes component at 226 nm (0 atoms) transitions, the bulk of the intermediate state con-

:.-, or 211 nm (N atoms), having -30 gJ pulse energy, is tribution comes in each case from the same state
focused into the experimental cell. Here, N atoms which is the terminus of the infrared emission (see
are produced by a standard flow discharge, dissociating fig. I). The assumption that this constitutes the entire
N2 in a He + SF 6 buffer gas mixture at - 10 Toff contribution permits the calculation of o for different
total pressure. 0 atoms are produced by a down- fine-structure components, using standard angular
stream titration [81 of the N atoms with NO. The momentum coupling schemes.
atom densities are estimated from the titration to be For 0, the ground-state fine-structure components
(1-5) X 1i14 cm- 3. Wavelength calibration and are well-separated on the scale of Ave, but the upper-
measurement of the linewidth of the Raman-shifted state splitting is of the order of Av and is thus unre-
radiation is furnished by single-photon excitation solved. Fig. 2 exhibits excitation scans originating
scans of the (0,0) band of the -f system of NO. The from J. - 0, 1 and 2 of the ground 3p state. We con-
linewidth of the third anti-Stokes component of the sider the states to be thermally populated and deter-
Raman shifted laser was measured from the excitation mine the temperature within the discharge using the
lineshape to be *sO.3 cm- 1. excitation scan in NO. The integrated intensities from

The UV radiation is focused into the experimental fig. 2 then yield equal two-photon absorption cross
cell using a 6 inch suprasil lens, and is then moni- sections for the three fime-structure ground states
tored by a fast photodiode to provide an intensity within our experimental error of f 10%. The simple
normalization for the near IR fluoresence signal. coupling scheme predicts equal intensities, as does the

The near IR fluorescence from the two-photon more sophisticated treatment [41 which also esti-
excited state is focused (f/2 collection optics) mates contributions from other . to be f5%.
through a filter (T f 50%) into a photomultiplier For N, there exists only one ground-state compo-
having high (- 15%) quantum efficiency in the 850 run nent but four resolved upper-state levels of 4D,
region. Following preamplification, a fast gated inte- J = 7/2, 5/2, 3/2 and 112. Because the intermediate
grator (2 ns gate) averages the signal over typically state must be 4p, the simple calculations should apply;
10 pulses; the results are read out on a chart recorder. they yield a, values in respective ratios 4: 3 : 2 : 1.
Typical signal levels for s 10 gA of incident third The values for the relative transition probabilities
anti-Stokes laser light were t 100 photons/pulse inte- measured in our experiment agree with this predic-
grated over the lifetime of the excited state and scale tion to better than 10%.
as the square of the laser intensity. Considering only the single intermediate state and
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cross section for the 4S - 4D 7/2 two-photon transi-
. tion ofa N = 2.4 X 10 - cm 4 /W, when the 4p . 4o

transition moment is derived from our measured 4 D°
excited-state lifetime of 20 ns. This leads to a theo-
retical cross section ratio ctIa~o 0.85, while expen-

3 3P2 mentally we observe a ratio of -0.5. This is good
Gai I agreement for our estimated experimental error of

% ±25%.
Absolute signal estimates, assuming gaussian beam

0 Opropagation, a two-photon absorption cross section
from eq. (1), and a'simple rate equation model [3)

Z for the excited-state density, give signal levels which
, are a factor of 10-100 larger than the observed levels.

*This discrepancy is currently under investigation and
probably results from poor third anti-Stokes beam

>, 3p quality.
t I
0Gain 5 The use of the gated integrator in the scanning
z

S\mode allowed measurements of the excited-state life-
z- time. Such measurements have been made for both
<" atoms. The laser pulse width was separately scanned

.e z Iusing the signal from a fast photodiode so that its
effects could be deconvoluted from signals with fast
time decays. In fig. 3 is shown a plot of the effective

I 1 I

3 P8

Gain 25

0

-10 -0.5 0 0.5 1.0

LASER FREQUENCY 1cm
1) <

Fig. 2. Typical signals obtained by scanning the oxygen
atom fine-structure two-photon transitions. The asymmetry
observed in the line profiles is due to the fact that the upper-
state fine structure is unresolved. The strengths and posit.ons 2
of them unresolved transitions are indicated by the bar graph.

using tabulated transition moments [1 1, an effective
a for ourt v= 0.3 cm- I can be theoretically esti- 0 I

mated from eq. (1) to be a * 3 X 10- 28 cm 4/W for 0 2 4 6o atoms for the 3 -P2 _ 3P2,1,0 two-photon transition. N2 PRESSURE, torr

This value is consistent with the value given in ref. [4] Fig. 3. Plot of the inverse of the excited-state lifetime for

for this transition. For nitrogen atoms, we estimate a oxygen as a function of pressure of N2 -.
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decay rate of the 3p 3p state of 0 as a function of N2  quality and laser energy to -1 mJ/pulse would permit
pressure. For 0 atoms, the intercept gives a radiative part-per-million level of detection of 0 and N atoms
lifetime of? r 39.1 ± 1.4 ns which can be favorably in atmospheric pressure flames, and allow concentra-
compared to a tabulated value [ 1I of 36 ns. The tiondof -10 1 1 cm- 3 to be detected under low-pres-
slope yields a quenching rate for collisions with N2, sure conditions.
kQ - (2.5 ± 0.1) X 10-10 cm3/Ls. Similar measure- In summary, we have used tunable, Raman-fre-
ments on the 3p 4 D/ 2 state of N result in a lifetime quency-shifted laser excitation for the two-photon

," .r - 27 ± 3 ns and, a quenching rate of kQ(N 2 ) - excitation of fluorescence in 0 and N atoms. The
(2.4 ± 0.6) X 10-10 cm 3/s. Comparing to the tabu- method is a general one both promising fundamental
lated[ 11 ] N-atom lifetime of r - 52.3 ns, we see information on a number of species and possessing
that the value measured in this experiment is con- considerable potential as a diagnostic tool.
siderably smaller. Other sources for quenching the
excited state, such as the 10 Toff helium buffer, We thank Tom Slanger for assistance concerning
have been checked and found to have no effect on the production of the atoms and Greg Smith for use-
the excited-state lifetime. Since the measurement of ful discussions. This research was supported in part
the oxygen atom lifetime gave the tabulated result by SRI International internal research funds and in
for similar experimental conditions, we have confi- part by the US Army Research Office.
dence in our measured value.

It is clear that this method of two-photon excita-
tion of fluorescence can be extended to other states Reerences
and to other species as well, for the determination
of structural, radiative and cofllional properties. For (II T.W. Hiunsc. S.A. Lec, R. Wailenstein and C. Weiman,
example, excitation of each 4D, state of N in con- Phys. Rev. Letters 34 (1975) 307.
junction with spectrally resolved emission to 4pj [21 F. Blrben, B. Cognac and G. Grynberg, Phys. Rev.
would permit the measurement of state-to-state col- Letters 32 (1974) 643;

M.D. Levenson and N. Bloembergen. Phys. Rev. Letters
-ton oss iection as hasbepe rionents [for an 32(1974)645;

two-photon excitation in bulb experiments ( 121 and M Pritchard. J. Apt and T.W. Ducas. Phys. Rev. Lettersflames [13). 32 (1974) 641.

Important also is the potential which this method 131 W.K Bisel, J. kor, D.J. Ilizer and C.K Rhodes,
IEE 1. Quantum Electron QE-15 (1979) 380.possesses as a diagnostic tool for the sensitive detec- 141 M.S. Pinizola. Phys. Rev. A17 (1978) 1021.

tion of Uanient atomic species present at low con- (SI T.J. Mcflrath, . Hudson. A. Aiken and T.D. Wilkerson.
•centration, as in plasmas and flames. It would be par- AppL Opt. 18 (1979) 316.
ticularly useful for experimental conditions which 161 C.E. Moore, Atomic Energy Levels, Vol 1, NSRDS-
render atomic detection by VUV resonance fluores- NBS 35 (US Govt. Printing Office, Washington, 1971).

cence impossible to implement due to absorption of 171 V. wlk and W. Schmidt. APP. Pys. 18 (979) 177.
the VUV light. The wavelengths used here readily (81 .F. Gold. and B.A. Thrush. Rept. Pp. Pys. 36
propagate through the atmosphere and through flame [91 V.S. Letokhov and V.P. Chebotayev, Nonlinear laser
gses spectroscopy (Springer, Berlin, 1977) ch. 4.

Oxygen atom profiles at concentrations of 1101 LB.L Max, J. Simons and L. Allen, J. PhYs. BI1 (1978)
_1017 ci - 3 have recently been determined in a L273.

I 11) W.L. Wim M.N. Smith and B.M. Glennon ktomichydrogen/oxygen flame using spontaneous Raman Transitin Probabilities, NSRDS-NBS4 (L 3ovt.
scattering [141 and even more recently using coher- PrnUng Office, Washington. 1966).
ent anti-Stokes Raman scattering [ 15). Oxygen 112) T.F. Gallaher. W.E. Cooke and S.A. Edeistein, Phys.
atoms have also been observed at 1015- 1016 cm- 3  Rev. A17 (1978) 125.
in a discharge flow, using intracavity dye-laser ab- (131 I.E. Allen Jr., W.R. Anderson, D.R. Crosley and
sorption on the 1 D2 transition [161. Two- T.DI Fnder, Seventeenth Symposium (International)sopotonecitation can bee cosidrablyensiti ve on Combustion (The Combustion Limtitue, Pfttsburgh.
photon excitation can be considerably more sensitive 1979) p. 797.

- . than these methods. From the signal strengths observed 1141 C.J. Deuch and J.H. Bechtel, Opt. Letters 6 (1981) 36.
. -. in our experiments and the measured quench rates with (15 1 J.1. Bechtel and R. Tests. private communication.

N2 , we estimate that a modest improvement in beam (161 S.J. Harris and A.M. Weiner, Opt. Letters 6 (1981) 142.
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Detection of fluorescence from 0 and N atoms induced by
two-photon absorption

William K. Blschel, Bryce E. Perry, and David R. Crosley

The 3p 3 P state of 0 and the 2S22p 23p 4D0 states of N are populated by two-photon absorption at 226 and
211 nm, respectively, and the resulting new-R fluorescence is detected. The exciting photons are provided
by stimulated Raman frequency shifting, and the experiments are performed in a flow discharge. The mea-
sured lifetime of 39 (0) and 27 (N) nsec and quenching rate constants of 2.5 X 10-10 cm-3 sec- I for collisions
of N2 with each atom indicate promise for this method as a diagnostic tool in flames and plasmas."5'

L kItroduction Nitrogen atoms, on the other hand, possess no nearby
Oxygen and nitrogen atoms play an important role electronic states furnishing the possibility of either

in the chemistry of a number of processes, such as Raman or intracavity detection.
combustion, plasmas, and the atmosphere. It would, We describe here a new means of detection of both 0
therefore, be desirable to detect them in their ground and N, minor modifications of which are suitable for
electronic states using optical means. Doing so by other species, including H, C, and F. (Pertinent
conventional resonance absorption or fluorescence wavelengths for these atoms are tabulated in Table I,
techniques poses a severe problem, however, for their and others are given in Ref. 5.) The scheme is illus-
first resonance transitions fall far into the VUV and can trated in Fig. 1. Two-photon absorption from a UV
be observed only in cells specially constructed to pan laser beam is used to populate the first excited state of
such wavelengths. Atmospheric and flAme gases and the same symmetry as the ground state, which then
quartz windows are opaque to such radiation, radiates in the near IR and is thus detected. This

Oxygen possesses several low-lying electronic states: two-photon absorption transition in 0 has been treated
a ground 3Pj state and a 'D 2 state -2 eV higher. This theoretically,6' 7 and the scheme has been proposed for
structure has recently been exploited for detection lidar detection of stratospheric 0 from a balloon plat-
pertinent to combustion studies. Both spontaneous' form.8 Briefer accounts of our own studies have ap-

* and coherent 2 Raman scattering on the 3P 2 "* 3PL.0  peared elsewhere,9 and similar experiments have now
levels have been observed for 0 atoms in an H 2/0 2  been performed on hydrogen ° and carbon. 1

flame, and intracavity laser absorption on the forbidden The experiments were performed in a low-pressure
3P 2, 1 -- D2 transition3 has been detected in a flow flow discharge. Lifetimes and quench rates for colli-
system. Each of these pioneering experiments dem- sions with N 2 were measured to determine the feasibility
onstrates the capability of nonintrusive in situ moni- of the two-photon excitation as a diagnostic technique.

* toring of 0 characteristic of many laser diagnostic We estimate that (realistic) improvements in beam
methods 4 but does possess some limitations. In the quality and energy would permit detection down to

% Raman techniques, low signal levels and interference perhaps parts per million levels at atmospheric pressure,
from 02 (and potentially other species) make necessary apparently much more sensitive than for the Raman or
long acquisition times, and the intracavity absorption intracavity absorption methods. On the other hand,
is a line-of-sight technique. the creation of a real emitting excited state with a finite

lifetime demands that the collisional quenching rate,
within the system probed, be known for accurate con-"" " centration measurements. This poses limitations on

When this work was done all authors were with SRI International absolute accuracy, although the situation is likely to be
Molecular Physics Laboratory, Menlo Park, California 94025, a Bryce

' Perry is now at Quanta Ray. Inc., Mountain View. California more favorable for atom detection than for molecular94043. measurements.1 2

Received 16 December 1981. The exciting photons are provided by stimulated
0003-6935/82/081419.160t.00/0. Raman frequency shifting' 3 of relatively intense tunable
- 1982 Optical Society of America. UV laser radiation. Although the necessary wavelength
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0oo0 2o23P'O IL ExperimeMtal Details
30 3P In this section we describe the apparatus used for the

Z-- 3P experiment and the measurements made. Figure 2 ism. -  " 'Pa schematic diagram of the overall setup showing the

laser wavelengths pertinent to the oxygen atom exper-
3@ S iments.

A. Flow System and Atom Production

" "The discharge flow cell used is standard for such atom
production. A mixture of N2 seeded into -10-Tort He

. is passed through a 2450-MHz discharge to produce N
"- -... atoms. It was found that soiling the He by addition of

-" 5-10 mTorr of SF6 enhanced the N atom production
0efficiency considerably in accord with the general lore

W" for this technique. In the experiments on the N atoms
225" 211 M themselves, the products of the discharge passed

through -1 m of glass tubing into a blackened Wood's
20 horn cell containing an exit window for the laser ra-

diation; a moderate speed pump maintained a contin-
uous flow. Gas pressures were measured with a Bara-

2,3p 24s tron gauge.
0 PFor the 0 atom experiments, NO was added a few

OXYGEN NITROGEN centimeters downstream of the discharge. The reacdion
NO + N - 0 + N2 is used to produce the oxygen atoms

Fg. 1. Sta And wavelegths ivlved n the detecto scbme quantitatively, and it can be followed by chemilumi-
.. e, stat, splumes e too suall to sho on this scale. nescence: a red glow due to N + N radiative recombi-

nation dominates below the titration point (where the
concentration of added NO equals the initial N con-

0 -- 3--2 -- .tration). a very faint deep violet color due to NO near
Me _ VAG Ovathe titration point; and a bright greenish yellow glow

Law from 0 + NO - NOj in the presence of excess NO.
a Thes characteristics corresponded well to the disap-

pearance of the N atom signal observed in the experi-
st afde ments. From the value of the amount of added NO at

1. .J the titration point, we obtain the atom concentrations;
214 most of the experiments were conducted at atom con-

centrations of 3-10 X 1013 cm - 3.
For the measurement of 0 fine structure transitionCoo probabilities, it was necessary to know the temperature

within the flow system. For this purpose, NO was
ss 2 -M i added in excess, and the R filter used for the atom

2fluorescence was replaced by a UV filter. A few ang-
stroms from the 0 atom wavelengths lies the P 2 head

.. war of the (0,0) band of the r system (A2 Z - X2 f) of NO.
0 At&M F W.oAn excitation scan through this head and neighboring

Mcrowes o, P2 and Q2 lines is shown in Fig. 3. These intensities
Sfwere used to obtain a rotational temperature for the NOFig. sh diasm of the ezpemen . The wavelenahe the results confirmed that the flow gases were at room(am) shown ate those pertinent toO0 atom. which ate produced in

the r@acion NO + N - N2 0. Stokes beanm inot showni w also temperature with the microwave discharge either on or
present in the Raman cell output. off.

B. Frequency Conversion
The UV wavelengths used in these experiments were

for 0 (226 n) could be generated by direct frequency generated using stimulated Raman shifting, also known
doubling or mixing in crystals, that needed for the N as multiwave parametric Raman scattering. This
atoms (211 nm) is beyond the absorption edge of the technique is based on many.order anti-Stokes (AS,
standard crystals. Thus these experiments additionally stimulated Raman scattering in molecular hydrogen
demonstrate the utility of the Raman shifting method, and has been recently studied experimentally in our
which we anticipate will be increasingly exploited for laboratory13,14 and elsewhere as well as theoretically.' .16
the generation of these and shorter wavelengths in the These experimental studies have demonstrated good
near future. conversion efficiencies in the UV for such a high-order

1420 APPLIED OPTICS VOl. 21, No. 8 15 April 1982
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Fig. 3. Excitation scan through the P2 and Q2 branches of the (0,0) band of the NO - system ner 2263 A, showing the linewidth of the third
anti-Stokes component am well as serving as a thermometer. The frequency given is -44000.

nonlinear process and indicate that the technique holds the pump to produce the second anti-Stokes wave and
promise for the routine production of VUV radiation. so on. Theoretical analysis of this process1' becomes
In this section we present a brief description of the extremely complicated when many waves are involved
frequency conversion process along with details of our in the problem. For example, in a system containing
experience with it. eight anti-Stokes and three Stokes orders, the frequency

A high-power doubled dye laser operating at 314 nm of the third anti-Stokes line can, in principle, result from
is focused into a cell containing hydrogen at "- atm twenty-two different mixing processes among waves
(Fig. 1), and the resulting nonlinear process produces propagating in the medium.
a series of lines separated from the pump wavelength Our experimental application uses the third anti-
by the fundamental vibrational frequency of the H2 (OR Stokes order for the detection of both 0 and N atoms.
- 4155 cm-1). The conversion efficiency into these For a pump laser energy of 15-20 mJ at 314 nm we
sidebands can be very high, and in many cases the pump typically obtain 50-100 AJ at 226 nm. This conversion
energy is depleted by more than 50%. The light efficiency of --0.5% into the third order is critically de-
emerging from the cell is recollimated, and the various pendent on the pump laser beam quality. If consider-
Stokes/anti-Stokes orders are separated for use in ex- able care is taken in the laser alignment, we can attain
periments using a quartz Pellin-Broca prism. The over 1% conversion efficiency with our commercial
process can be divided into two parts generation of the system. We have observed the interesting and useful
first Stokes wave v, - (Vp - VR) by stimulated Raman fact that the above conversion efficiency was obtained
scattering, and the generation of the anti-Stokes wave when both the doubled dye (15 mJ) and the dye fun-
by four-wave mixing v,. - (ip + R). The Stokes wave damental beams (70 mJ) were focused into the hydrogen
is produced in a gain process that builds up from noise cell.17 If only the doubled dye is focused into the cell
and hence has a threshold dependence on laser pump at the same energy, the conversion efficiency drops by
energy. Once this wave has developed an intensity a factor of 3-5. This dependence of the conversion ef-
comparable with the pump, it can interact with the ficiency on the presence of a high-intensity nonresonant
pump frequency via the third-order nonlinear suscep- wave is not understood at this time. Theoretical
tibility X3 to produce the anti-Stokes beam in a four- treatments of this process (nonlinear mixing)15.'6 in-
wave mixing process. Stokes orders are also produced dicate that the conversion efficiency depends on all
by this process. It can be shown that this latter process injected waves and that it perhaps is enhanced by the
does not have a threshold, and in the low-gain limit the presence of an additional nonresonant wave.
anti-Stokes intensity in proportional to I X31214,. Once It is of primary importance to know the bandwidth
the anti-Stokes wave becomes strong, it can mix with of the anti-Stokes emission if this radiation is to be used

I5 April 1982 / Vol. 21, No. 8 PPLIED OPTICS 1421
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in practical experiments. From a consideration of the can extract the laser linewidth using the deconvolution
four-wave mixing procbsses. the bandwidth should be formula. L m,A4 -. mA)"2 -0.28cm - '. Thislaser

the same as the UV pump laser bandwidth, unless some linewidth is the same as we have measured for the
other nonlinear mechanism such as self-phase modu- doubled dye laser by scanning it through an isolated
lation broadens the frequency spectrum of the AS absorption line in OH at 314 rim. We, therefore. con-
waves. We have addressed this question by scanning dude that for a resolution limit of --0. 1 cm- 1, we see no
the third AS order at 226 nm through the bands of NO. broadening of the anti-Stokes emission. This measured
This scan has been given in Fig. 3. We observe a linewidth of 0.3 cm-1 gives an effective resolution for
FWHM of 0.30 cm - 1 for an isolated rotational line that the two-photon experiments of 0.5 cm - 1. in agreement
should have a Doppler width of 0.10 cm-i. If we w- with our observations.
sums a Gausian distribution for the laser Unewidth, we It is important to remember that the two-photon

absorption cross section depends linearly on the laser
1. linewidth when it is-much larger than the inewidth in

the two-photon transition. If the UV pump at 226 nm
is created by mixing doubled dye with the fundamental
YAG at 1060 nm, care must be taken to ensure that the
YAG lowr has a linewidth comparable with the dye laser
to obtain the highest 0 atom detection sensitivity.

C. xwescence Measremens

Gain I The fluorescence was collected from the cell at right
2n angles to the laser beam with a fast (//2) Suprasil lens

and focused through a filter onto a photomultiplier with
high near-IR sensitivity (RCA C31034A). In some early
experiments, a small (0.35-m) monochromator served
as the filter, this was scanned to verify that the observed
fluorescence was at the proper wavelengths. In later

j runs the monochromator was replaced by appropriately
chosen glass or interference filters with -20% trans-
mission at the fluorescence wavelengths.

The signal piaed through a fast gain-10 preamplifier
and into a boxcar integrator with narrow-gate capability

3p (PAR model 165). Used in a gate scanning mode, this
Gain S permitted lifetime determinations down to the limit

where the laser UV pulse length-separately obtained
112 from fast photodiode measurements to be 7 nsec-
"I precluded measurement of more rapid decays. A por.
<zj , tion of the laser beam which pased through the cell was

Z split off into the photodiode, and the resulting signal
was fed to the other boxcar channel to serve as a laser
amplitude monitor. Because of the nonlinear depen-
dence of the signal level on laser power, electronic ra-
tioing was not undertaken; rather runs were scrapped
when the drift in laser power over a scan precluded
quantitative results.

Figure 4 shows an excitation scan over each of the
Gn0 2 three fine structure components of the 0 atom transi-

2Gain 2 tion. Here. as with most of the intensity runs, an av-
erage over 60 pulses (6-sec time constant) was used.

T Very little background was observed 1 -1% of the peak
signal); the noise arises from laser power fluctuations.

0 A small variation in the original Nd:YAG IR amplitude
causes a large variation in the signal due to the nonlinear

--s I nature of the several frequency conversion steps I Fig.
.1.0 -0.5 0 0.5 1.0 2) and the two-photon absorption itself.

LASER FREQUENCY (The laser beam was attenuated with a series of
screens for a measurement of the dependence of the 3P.

Fig 4. Ezcitaion wam through each of the 0 3pj tranitions. The signal on laser power. The results are shown in the form
sick disame coespond to the expected poitios of the upperstte ot a log-log plot in Fig. 5. The fitted slope is 2.6 * 0.2
components. The laer fftquncy is in er-': not@ that the gain in. (the steeper line in the figure). although the errors as-

creases from top to bottom. sociated with each datum do not preclude a quadratic
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1IN. Resuts and Discussion

00 The two-photon cross section for a transition from a
o ground state g to an excited state e may be written s

(2r)3 2 "(ejj'li) (ilitg)
,-," viIPl 2g(2i) P-9 (I)hcI 4 AE,. - hyl

where the sum runs over all virtual states i accessible
by a one-photon transition from both g and e, Yj is the
laser frequency, and g is the two-photon absorption line

30 shape. If we assume that there exists a single inter-
mediate state (still denoted by i) which forms the

0 0 dominant contribution to P.# and include the effects of
0., laser linewidth,19 a may be written

- azs P,,I f2

for a, )- AE,(244 + Av,?) 2  (2)

z for a transition from a particular ground state angular
_ 10 momentum component J to a particular excited state

0 component J.. Here AE11 is the difference in energy
0 between that of the laser and that of state i, APD is the

FWHM Doppler width, and API FWHM the laser
linewidth. The matrix elements of P', may be split into
radial and angular integrals:

3 X .. csoj

V II 12

fX (J^d coseJeme) • (3)

13 10
LASER POWER 5

Fig. 5. Relative signal vs relative laser intensity for the 0 (3P2) el-
citation. The two lines are at the fitted slope 2.6 * 0.2 and a slope of

2 corresponding to strictly quadratic behavior.

dependence (the other line). Even though one more 3
UV laser photon is easily able to ionize either atom from
its excited state, Fig. 5 shows that laser ionization does Z
not constitute an appreciable removal rate in our ex- I-

N periment; if that had been the case, a slope between 9
linear and quadratic would have been obtained. We ' 2
also see that we are not appreciably saturating the z
transition, a result which places an upper limit on the cti

* two-photon pump rate of :S 10 sec-I under our condi-
... tions.

Although the fitted slope in Fig. 5 is not 2, the qua-
dratic dependence expected theoretically is used to
normalize results at different laser power. An example
is the determination of relative integrated intensities
from Fig. 4, where the UV laser energyvaried -20% due 0 12 24 36 48 60 72 84
to variations in the gain of the dye laser.

A lifetime run for the N atom state and its logarithmic TIME (ne)
plot to obtain a lifetime are shown in Fig. 6. The in- Fig. 6. (Bottom curve) experimental data on a linear scale for the
crease at short times is due to the laser pulse length and time dependence of the N (4D71 2) signal. (Top) a fit of the decay
pumping rate, slightly stretched by the 2-nsec gate, but portion to an exponential. This exemplary run was made at 0.28-Tort
the decay fits clearly to a single exponential. N2, 0.06-Torr NO, and 9.4-Torr He. yielding r - 26.2 nsec.
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Tabe I. ?w.APhm ExclaenM PUIerUU

Intermediate Final
Gound state state I1A1 ! 'il AND atO °20 k. X.

Atom state (cmin) (CM- ) (D2) (D) (cm- ) (cm'/W) (107 sc) (m) lnmi

He IS ,pO 
2
D

8225 97492 3.6' 59d  1.2 0.5 6.6d 206 656

60353 71386 6.0' 6.0 0.25 5 2.5d 280 909

Ne '3' 'P *DO

836 94883 1.14 104' 0.31 0.9 3.7c 211 869

'0" 3P 35 3p
76796 6631 2.6' 54 0.27 1.2 2.6c 226 645

7 ipe 2P 
2DO

10432 117624 3.7 d  52' 0.33 0.8 3.5' 170 7'76

*Obsmw dianRR. 10. 6Ob@mudainRef. 11. Thiswok. 0 Valdut from Ref 20. 1 Value from Ref. 32.

The angular matrix element here is expressed for lin- next section; we describe here the calculation of absolute
early polarized light whose polarization vector defines cross sections for the multiplet transitions.
the axis ofquantization. Theradial integralsinEq. (3) Using Eq. (2) and the transition moment for the
determine the absolute value of a, whereas the angular multiplets obtained from Wiese et aL,20 we can calculate
integrals are responsible for the relative values of a the two-photon absorption cross sections for a number
among the f(me structure components of the transi- of atoms of interest assuming a Doppler limited line-
tion. width for the two-photon transition. Them calcula-

In Eq. (2), if A& is expressed in cm-t and the matrix tions, along with the relevant parameters for the two-
elements in debyes, a numerical value 6.2 X 10- 25 for the photon transitions considered. are given in Table I.
constant a yields a in cm4/W. Note that all the listed values of a are of the order of

The two-photon pumping rate We (sec- 1) is then magnude 10-2 cm4/W. These crow sections must be
expressed as multiplied by an angular momentum factor of the order

of 0.5 (as discussed in the next section) to obtain an
W -a/h/, () experimentally measured cross section.

where It is the laser intensity in W/cm2; the time de- There is one theoretical calculation that includes all
pendence of the excited state number density is the relevant intermediate states available for compar-

ison with these estimates. Pindzolad has calculated for
de W.,N - *, + hQ)N. (5) the atomic oxygen the cross section for the two-photon

transition listed in Table L Because he has used the
in the absence of appreciable photoionization or satu- natural linewidth (derived from the radiative lifetime
ration. Here k, is the radiative decay rate, kg is a col- of r - 36 nsec the upper 3P state) instead of the Doppler
lisional quenching rate constant, and n is the total width in his formulation ofg(p) in his version of Eq. (1).
number density. (For a mixture of gases, kQn would his value of the average cross section for the multiplet
be replaced by the appropriate sum over all species transition ((4H") a 2.3 X 10- 43 cm4 sec) must be ad-
present.) All these quantities, the relative and absolute justed for our line shape function. For consistency, we
values of a plus k, and kQ, are needed in the diagnostic have used Pindzola's line shape function [given in his
application of two-photon laser-induced fluorescence. Eq. (14)1 to obtain his peak value for g(2yl). The cross
Their measurement (including a presumably repre- section can now be compared using the conversion
sentative kg for N2 collisions) has formed the subject equation
of this study.

A. Absolute Two-Photon Absorption Cross Sections 2r. aohV
Absolute two-photon cross sections for atomic tran-

sitions of interest can be estimated if the single inter- This gives an ab initio value for the multiplet transition
mediate state approximation is made. This approxi- of - 1.2 X 10-r cm 4/W identical to our simple single
mation is very reasonable for all the two-photon tran- intermediate calculation. It is also quite close to the
sitions considered in this paper since the intermediate values of Mcllrath et aL.8 This good agreement gives
defined by the resonance transition has most of the us confidence that the rest of the cross sections given in
oscillator strength. The two terms in a. that describing Table I have a similar accuracy.
the radial wave functions (assumed to be constant for We have attempted to obtain an order of magnitude
all fine structure states of the multiple) and that de- estimate of this cross section from our signal levels for
scribing the angular momentum factors. are explicitly the case of oxygen atom detection. The largest uncer-
written in Eq. (3). The second term is dealt with in the tainty in this type of measurement is knowing the laser
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TMeL. S1e1a Vabaeofa(Jo.J.) gating the use of Raman scattering as an intensity
Thre-state Ab initiao Ab initio standard have been performed on a different system.

•, J. calculation velocity" lengtho These have indicated that our estimated collection and

0 0 333 542 599 detection efficiencies may have been low here by a factor
1 0 0 0 of as much as 10, which would account for part of the
2 667 48 401 discrepancy. An accurate determination of the cross

" 1 0 0 0 0 section with a diffraction-limited beam would be ex-
1 500 656 700 tremely useful because it would indicate a potentially
2 500 344 300 much higher sensitivity for 0 atom detection than found

2 0 133 92 80 in these experiments.
1 300 206 180
2 567 702 739

, Pindzoi B. Relative Fine-Sructure Transition Probabilities
The 0 atom possesses three ground state fine struc-

intensity in the focal volume. We present here calcu- ture components 3P2, 
3P1 , and 3P° at energies of 0, 158.5,

intiensit fo the signal int eensity assumin a freac- and 226.5 cm - 1, respectively. The three components
lations for the signal intensity assuming a diffraction- of the upper 3p 3P state are packed more closely with
limited Gaussian beam. parations of0.54 and 016 cm'. Consequentlythe

The excited state density produced by two-photon serans discrimate between the
absorption can be calculated by integrating Eqs. (2) and laser can easily discriminate between the ground state

(3). Assuming a square pulse in time of length T., J values but is too broad to resolve the upper state

much shorter than the quenched lifetime of the excited splitting. In Fig. 4 the stick diagrams correspond to the

state, the excited state density at the end of the pue relative positions and intensities of each expected
at, te eite component, labeled by its value of J,. It can be seen

can be written that the breadth of each excitation corresponds well to
N" (t ( these expectations. The integrated intensity I(J.) from

- NT, the data in Fig. 4 can be expressed in terms of the two-

where No is the initial atom density in the ground photon cross section a(Jg) for that component and its
state. population N(Jg):

To obtain the total number of excited states created (9)
N., Eq. (4) must be integrated over the spatial distri- 1(J,)
bution of the laser intensity within the observation a(J,) F_ a(J.,J,); (10)
volume. This integration is particularly simple for the J.
assumed Gaussian beam. If the observation volume is and the results compared to theoretical calculations.
limited to one confocal parameter,2' the integration of For the 3p-3p transition in 0, the one-photon allowed

N Eq. (4) leads to intermediate state i may be either a 3S° or 3D0 . Al-

though a sum must be taken over all possible states i,
N . - M ---. (8) as indicated in Eq. (1), we expect that the 2s 22p 33s 3So

2 ,c Tstate at 76800 cm - ' (which is also the terminal state for
where E is the total energy in the laser pulse. Note that the fluorescence as shown in Fig. 1) yields the bulk of
this particularly simple expression is independent of the the contribution. It is the only allowed intermediate
focusing conditions as long as the observation region is between g and e; most important, it possesses a high
larger than one confocal parameter. reasonable oscillator strength (value of M) in each step.

For a laser energy of 50 pJ with a pulse length T. The detailed theoretical calculation by Pindzola,6 which
10-8 nsec exciting the 3P2 - 3P210 two-photon transi- employs ab initio wave functions, indicates that this
tion, we obtain a signal corresponding to -N - 105 state contributes some 97% of the value ofa. Wecon-

R, bexcited states total for No( 3P2) - 7 X 1013 cm - 3. Using sequently restrict our considerations to the 3s 3S0 as the
Eq. (5), this leads to an experimental value of a ft 10- 30 sole intermediate.
cm 4/W. Scaling the value for a given in Table I to in- The wave functions are expressed in terms of their
dude the angular factors (-1/3) and compensating for spin and orbital angular momentum components
the laser linewidth (-1/2) lead to an expected effective
cross section of approximately a - 2 X 10- 28 cm4 /W. lJmj) - ZC(LSJ;mLmsMJ)IL.m L) ISms) *Z
This is over 100 times larger than the value calculated S
from the experimental signal. At the present time we for each l e), 1i), and Ig). The laser may be taken as
believe that this discrepancy is partly because we have linearly polarized in the direction of quantization
neither a diffraction-limited beam nor a near Gaussian without loss of generality, so that the opeartor i has the
spatial distribution. At the conclusion of the experi- selection rule AmL = 0. a(J) is then obtained by
ments we discovered that damage had occurred to the calculating the matrix elements using Eqs. (3) and (11).
Pellin-Broca prism; this would have affected the beam summing over the mj values of states i and e and over
quality, although we do not know the prism's actual the J values of Ie ), and finally averaging over the m.j
condition at the time the absolute intensities were values for 1g). The results of the calculation are col-
measured. Also subsequent experiments22 investi- lected in Table II, where they are compared with
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Pindzola's results using both velocity and length rep-
resentations of the transition moment operator and 1 12 3.2 5.2 7 2

*HartreeFock wave functions, which include correlation.
Although the results for each J. - J. component differ 4-

among the calculations, the values of a(J,) summed 0
over J. are the same for each. bcault

The predicted values of Ij) way then b calculated may
from Eq. (4) using populations N(Jg) from a Boltzmann
distribution at room temperature as ascertained from 3
the NO excitation scan in Fig. 3. The comparison be- W
tween predicted and measured values is shown in Fig. 2 -
7. The fitted line is not constrained to pas through the I

origin but does so within two standard deviations, as it
should do. (The fitted intercept is 0.036 4 0.021.)

It would be interesting to measure the J, dependence I -  -

of the values, so as to discer among the dif-
ferent possible representations of the transition prob-
ability (Table 1I). Such an experiment, impossible here 0
du to our,6j of 0.3 cm- and a Ar of 0.27 cm-t, could 2 2 3 4 5

be performed in a Doppler-free (counterpropagating CLCULATEo INTENSITY

"beams) excitation with a narrower bandwidth laser. F
In tecao th N ao ere bi lyo er Fig. & As Fig. 7 for the four components of the N atom transition.< In the case of the N atoms, there is only one ground

state component 4Sy2 but now four upper state com-
ponenta of 4D, with J, ranging from 1/2 to 7/2 over a
total energy difference of 110 cm - t. Each of these is
readily resolved by the laser, and again the intensities as before to obtain ai(J,). The results are that the in-
may be compared with calculated values. Here the tensities should be in the ratio 1:2:3:4 for J - 1/2:3/2:
intermediate state must be a 4p; the wave functions are 5/2:7/2; that is, the intensity should be proportional to
expressed using Eq. (11), and the calculation proceeds the final state degeneracy 2J, + 1. The experimental

results are shown in Fig. 8, again in the form of a plot
measured vs calculated values. The fitted intercept

I here is 0.066 * 0.078.
1J.0 1 The results in Figs. 7 and 8 may be taken essentially

I ,as an experimental demonstration that we understand
S4- well the angular momentum coupling nature of two-

photon excitation in atoms. While this is unsurprising,
it does constitute a pleasing experimental confirmation
of the fact and may be furthermore considered as an
indication that the experiment itself is behaving prop-
erly.

4 -- C. Lifetime and Quenching Rates
The excited state decay rates kd measured using the

a scanning gated integrator were plotted as a function of
MN pressure according to the equation

- k, + k~n.t2
aThe results for 0 are shown in Fig. 9. where each point

2- is that for one run. The N.1 pressure was never quite ')
because of the small amount added to the discharge for
the production ot N atoms. A few runs at varying
pressures of He. NO. and SF. showed no discernible

I effect on the measured lifetimes at the pressures of these
I gases normally used.

A least squares fit yields for the intercept k, - (2.56

0,2 4 0.09) X 10, sec- ' or a radiative lifetime 39.1 * 1.4
CALCULATEO INTENSITY nsec. From the slope is obtained kQi.V) , 2.45 * 0.12)

x 10- 10 cm .' sec - '. corresponding to a cross section )f
Fig. 7. Me,,ured vs calculated intensity 'both arbitrary units) for 31 1 : 2 A-1. These quoted error bars are from the fit.
the three fine structure components of the 0 atom transition shown whereas the spread in points at the same pressure is

in Fig. 4. The fine is fitted and notconstrained to pow throusho. more of the order of *101c 'Fig. 9).
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I I through the discharge. The standard deviation on the
average was ±18%, a spread which includes 21 of the 25

S data. Similar uncertainties were encountered at other
pressures, although far fewer data were taken.

We have chosen to plot in Fig. 10 the averages and
errors bars at each pressure rather than the individual

-- ",data. The results correspond to k, = 3.7 ± 10 7 sec-t or
a lifetime of 27 nsec and kQ(N 2) = 2.4 X 10-10 cm 3 sec- I
or a cross section of 30 A2. From the fit and the spread
in the data we estimate a 15% uncertainty in k, and a
30% uncertainty in kQ. Neither He nor SF6 was found

4 4 to have an effect on the measured lifetimes within the
data scatter; NO was not checked as it was not used for
the final N lifetime runs.

a The present result for k, is in serious conflict with a
2 previous experimental determination by Richter.I He

. . made intensity measurements in a nitrogen plasma
(similar to the method used for O),2 obtaining a result
k, = 1.87 X 107 sec - ' or a 53-nse lifetime, with esti-
mated error bars of ± 15%. A theoretical value using theo method of Bates and Damgaard2s is closer to our result:

4 6 2.70 ± 10 7 sec-' (lifetime of 37 nsec). Weshallnotat-
N2 PRESSURE. torr tempt here a critical comparison. It is true that when

g 9lifetimes are shorter they invite suspicion due to the
". ,,~ Fig. 9. De-ay rate of the aton a a function of total preauure of possibility of neglected quenching effects. The 0 life-

Nt vtime measurements performed in this same system

agree with previous values as discussed, suggesting that
The lifetime for this transition in 0 has been studied such systematic errors are not present and lending

rather extensively in the past. Solarski and Wiese 23 confidence to our N lifetime. We thus feel that our
obtained a value k, - 2.6 X 107 sec-I with error bars of value is preferable to that of Richter.
27% from intensity measurements in a stabilized arc
under equilibrium conditions. In a critical comparison
with results of previous experimental and theoretical
determinations for this and other oxygen multiplets, 10
they concluded that there existed here a rare case of
good agreement among independent determinations
and recommended an averaged value of 2.80 X 107 with
10% uncertainty. The present results push this toward

, the lower end, in excellent agreement with the experi-
mental values23,2 of 2.6 and 2.5 . 107.

Following the Solarski and Wiese assessment, there
have appeared two further experimental determina-
tions. In a study of lifetimes for VUV transitions in 0 ' 6

induced by pulsed electron beam dissociation of oxy-
gen-containing molecules Lawrence2 observed a long
tail on the 1304-A transition. He ascribed this to filling
of the 3 s 3S level from 3p 3p at a rate given by k,( 3 P), > 4
since kA(S) is much faster. The result is (2.86 * 0.08)
X 107 sec- 1, with which our value agrees well. A yet
more recent measurement has been performed by

.%. Quickenden et al. 26 using pulsed electron beam disso-
ciation of H 20. They obtained k, _ (5.1 * 1.0) X 107
sec-' in disagreement with our and other23.24 values, and
we feel that the latter are definitely preferable.

The N lifetime data showed considerably more
scatter. The reasons are not apparent to us, but per- 0 1 2

haps by the time this series of runs was made the Pel- 0 P -

lin-Brocha prism had become damaged and was causing N2 PRESSURE - torr
* noise problems not present in the 0 measurements. Fig. 10. Decay rates for N as a function of N2 pressure. Each Point

Twenty-five separate determinations were made at zero and its error bars represent an average of the measurements at that
added N2, that is, the presence of N2 entering only pressure.

* %.\ - 15 April 1962, Vol. 21. No. 8 APPLIED OPTICS 1427

* ,, 4...:,,,..: .,. g, , ,% ... .7 .. .. ,,...... . ... .. ,,,.... -...... , ... .. . _, ., =, .



- . . ' - -. = - - a..
.0

% 1

The cross sections of -30 A2 which we obtain for and fast gating (possibly gating of the photocathode to
collisions with N. are gas kinetic in size, which may be avoid background overloads). Second. as discussed
expected for quenching of high-lying atomic states. above, our observed signal level is lower than that ex-
Previous measurements of these processes (O(3P) + N2, pected on theoretical grounds by a factor of perhaps 100.
N(D) + N2 have not been made, but. two pertinent The true reason is unknown, but poor beam quality is
determinations do exist. The study of Quickenden et suspected. Were this correct, a laser of better beam
al. 20 included the 0 quench rate with water, they ob- quality would generate larger signals at the same pulse
taied kQ(H20) + (9.4 * 1.5) X 10-10 cm 3 sec - 1. energy with a concomitant increase in ultimate detec-
Catherinot and Sy 29 have used a laser to single-pho- tion limits.
ton-pump the 3p 4S state of N from the 3s P present We thus conclude that two-photon laser-induced
in a discharge and measured lifetimes. This 4S state fluorescence of 0 and N atoms, although not yet suc.

. lies just above (--0.25 eV) the 4D state we studied. cesafully performed in flames, should be a feasible
They conclude, from considerations of the energies of technique for combustion measurements at the parts
possible exit channels of a quenching collision, that only per million level. This two-photon method thus adds
N2 in vibrationally excited states with v > 2 can quench a significant category of species, the single atoms 0, N.
the 'S state. Estimating the concentration of excited H, and C, to the list of some twenty diatomic and tri-
N2 in their discharge, they derive a kQ - 6.5 X 10- cm3 atomic free radical combustion intermediates detectable
sec-' for collisions with the excited molecules. Our with laser-induced fluorescence. 4

measurements were made at room temperature where For collision-free conditions as in a low-pressure
all the N2 is in the ground vibrational state, and our kQ plasma, the measurable absolute concentration limit
is due to u - 0 molecules only. will be lower. Our initial estiate of 1011 cm-3 appears

conservative following the efforts of Muller et al. ; their
developments aimed at such plasma diagnostics projects

IV. Conclusion detectivities as low as 1010 cm- 3 .
These experiments have demonstrated the viability Additionally collision information of fundamental

of two-photon excitation of fluorescence emitted by interest can be obtained using this technique. For ex-
atomic states lying far above the normal VUV cutoff. ample, the excitation of each individual 4Di component
The method is straightforward and applicable to a large could be followed by spectrally resolved measurements
number of atomic species. Although the laser which we on the 4Dj - 4P.1 mutiplet in the extraction of state-
used is a version with relatively high power, so as to specific collision cross sections among the J values of
make possible the necessary chain of frequency con- 4D, similar to experiments performed on Na using
version steps, it is a commercially available system, that two-photon excitation under bulb4° and flame~l con-
is, a custom rig is not required. ditions.

From the results of this work we can project good
detectivities when this method is used as a flame diag-
nostic tool. If other gam collisionally quench the ex- We are grateful to Tom Slanger for advice on flow
cited states with the same efficiency as does N2 and if systems and atom production and to Greg Smith for
those rate constants are independent of temperature, useful discussions. This research was supported in part
reasonable assumptions for estimation purposes since by SRI International internal research and development
the measured rate constant was gas kinetic, the funds and in part by the U.S. Army Research Office.
quenching rate at 1atm, and2000Kis-10sec-. This
corresponds to a fluorescence quantum yield for 0 of
0.026 and for N of 0.039. The flow system measure-
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Laser-Induced Fluorescence
in Spectroscopy, Dynamics, and Diagnostics
David R. Crosley
Molecular Physics Laboratory, SRI International, Menlo Park, CA 94025

In the technique of laser-induced fluorescence, or LIP, a
laser is tuned so that its frequency matches that of an ab-
sorption line of some atom or molecule of interest. The ab-
sorption of the laser photons by this species produces an
electronically excited state which then radiates. The fluo-
rescent emission is detected using a filter or a monochromator
followed by a photomultiplier. Because a particular absorption
line is selected, the excited state has definite and identifiable
vibrational, rotational, and fine structure quantum numbers.
This clean state preparation has significant advantages for
spectroscopic and collision studies, in contrast to the con-
gestion often found in ordinary emission spectra from, for
example, a discharge. Since the lower state responsible for the
absorption is also definite, considerable selectivity is provided
by LIF when used as a diagnostic tool. In addition, its high
degree of sensitivity, the spatial and temporal resolution
available, and its non-intrusive nature are important attrib-
utes for this purpose. Finally, special LIF methods not possible
in non-laser spectroscopy, such as two photon excitation, yield

-new information and make possible new diagnostic probes.
These features of LIF are illustrated in this paper using as

examples a variety of experiments conducted in the author's
laboratories. LIF as a whole has had a tremendous impact on
the study of the electronic spectra of small molecules,' and it e l . i s and som l Sos The i del me sytm omas
should be noted that the experiments discussed here form but idoMww) arow) fra dnt "' l O la -,mir
a tiny portion of the many ways LIP has been used to further er i une to ma the frequmcy o some absorption lie (upwars -
our knowledge of molecular structure and behavior. None- rows). As the lo se tis through te srim of absorpon ws, an excitation
theless, it is hoped that the highly personal selection presented scan results.
will serve to describe some of the important aspects of this
exciting and rapidly progressing technique.

number of laser pulses, this device basically turns the detec-
IP Experimelts tion electronics on only for a short period during or immedi-

Given a laser, the experimental configuration employed for ately after the laser pulse. Because all of the LIF signal occurs
most LIF studies is quite simple. The laser beam is directed in this brief time span, gated detection greatly enhances the
into a sample, which is contained in some suitable cell if nec- ratio of signal to that background which is continuously
essary. The fluorescence emitted at a right angle to the beam present, such as photomultiplier dark current or ordinary
direction is focussed through a filter into a photoelectric de- flame emission.
tector. The filter may be at a particular wavelength (such as The two chief methods of spectroscopic data acquisition in
a glass color filter or interference filter) or scannable (i.e., a an LIF experiment are excitation and fluorescence scans. In
monochromator). an excitation scan, depicted schematically in Figure 1, the

A single frequency laser (such as from a rare gas ion laser) detector and filter are chosen so that fluorescence from any
may be used if its frequency happens to coincide with that of excited level can be detected. The laser frequency is then
some absorption line, but clearly a tunable (dye) laser is more scanned through the absorption region of the molecule each
versatile. It permits the performance of experiments on dif- time it matches that of an absorption line, fluorescence results.
ferent molecules, or on a sequence of excited levels in one Thus an excitation scan mimics the absorption spectrum of
species so as to compare their behavior. The most rapid growth the molecule. The main difference is that instead of looking
in the number of LIF studies has coincided with the avail- at a small dip in a large transmitted signal, LIF forms a posi-
ability of commercial tunable dye lasers. Continuous duty tive signal on a null background. It is thus much more sensi-
lasers have advantages of much narrower linewidth and more tive: total absorptions of 10- 6 or less can produce readily
stable output amplitudes, whereas pulsed lasers have higher measured signals. In addition, higher selectivity can be pos-
peak powers and thus higher instantaneous signal levels, and sible than in an absorption measurement. Suppose two Ior

with them is possible a variety of non-linear processes in- more) species are present, both absorbing at the same wave-
cluding frequency doubling and shifting methods. All of the length but fluorescing at different wavelengths. The choice
experiments described in this paper involve pulsed lasers
having repetition rates of typically 10 Hz, pulse lengths of 10
nsec or I sec, and in all but one a frequency shift from the dye Witness the fact that. of the papers in this category presented at
laser fundamental. When operating with a pulsed laser. it is toe annual molecula spectroscopy symposium in Columbus. Ohio, each
generally advantageous to use a gated detection system. Also June. the fraction involving LIF has grown from less than one-tenth a
termed a boxcar integrator when used to average over a decade ago to about two-thirds presently.

Reprinted from Journal of Chemical Education, Vol. 59. Page 446. June 1982.
Copyright 1982. by Division of Chemical Education, American Chemical Society, and reprinted by permission of the copyright owner.
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the OH molecule, following pimping of the -1, /1J , 1/2 level. a. No added left and some sauctre in the hig.J regions to the right. The laser bandwidth
,.%. The f1iverotational lines morkedare thoseemitted by the ptped level is hre 12 cm

-
. Bottom. Scan of asmall region at narrower laser bandwidth.
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fact
region). b Secinim with aded N, at 0.88 torr. The si ee Ism ae s of the scanning mechanism. (Reprinted from the Journal of Chemical
(wilh anows) wne fr anct noed i (a). The new fiesue eae lnm M,)J]
eitd by other rotational veS wit n V- 0 populated by energy tasfrer
collisions with the N2. [Repirinted from the Journal of Chemical PftyicsJ

as marked. (A few smaller lines are due to collisions with measured as a function of Vu; from it may be extracted the
background game H2 0 and NO2 used to produce the OH, but Franck-Condon factor
they shall be ignored here; some scatter from the exciting law qu, - iUfu,(r)', (r)dri' (1)
is responsible for the breadth in the P12 region.) When 0.86
tor of N2 is added, the spectrum on the right is obtained. The which is the square of the integral of the upper and lower state
Q, series is marked, as are (with arrows) the other four vibrational wavefunctions taken over the internuclear distance
branches noted in (a). The new lines are fluorescence emitted r. q.,o is proportional to the measured .. Tuning the laser
from other rotational levels, populated by energy transfer so that a different V' is excited, and repeating the fluorescence
collisions of the excited OH with the N 2 present. scan, permit the full matrix q,- to be obtained. This, we shall

From relative intensities of the lines in scans such as these, see, provides a simple pictorial description of the 0,,(r).
taken at several pressures of the collision partner, individual The S2 is contained in a small cell, and is produced by
energy transfer rate constants (or cross-sections) between the heating liquid sulfur in a reservoir to about 100*C. This yields
initially pumped level and each final rotational level can be a pressure of some 50 mTorr total of sulfur which exists pre-
obtained. The lar is then tuned to pump a different initial dominantly in the form ofS6and S8 plus some S4 and S2 .The
level, and the process repeated. In this way is determined the body of the cell is kept much hotter, about 600*C, by a sepa-
entire matrix of state-to-state rotational energy transfer cross rate heater coil; at this temperature the equilibrium constants
sections for the upper electronic state (3). for the reactions among the several species are such that nearly

The populations deduced from fluorescence scans such as all of the sulfur is in the form of S2 .
those in Figure 5 reflect excited state behavior, in contrast to The first part of the experiment consists of an excitation
the ground state populations deducible from the excitation scan so as to select a particular line. We begin by operating the
scan intensities. Each type of spectrum of course contains laser in a wide bandwidth (12 cm - 1) mode and scan across an
spectroscopic information about both the upper and lower entire vibrational band. This is shown in the upper trace in
states connected in the transition. Figure 6, in which v' - 6 is excited. The laser operation is

When LIF is used as a diagnostic monitor the laser and shifted to narrow bandwidth (0.3 cm- t ), and a small portion
detection wavelengths generally remain fixed while some other of the band is now scanned (lower trace in Fig. 6); the unre-
parameter pertinent to the behavior of the probed system is solved feature in the first scan is seen to actually consist of a
varied. This could, for example, be the distance above a burner series of individual rotational lines.
in a flame study, or the time delay between two lasers as de- The laser is now set to excite one line, and a fluorescence
scribed below for a laser pyrolysis experiment. Of course, the scan is made (see Fig. 7). This is first done over a small
laser frequency would be varied for population determinations wavelength region covering the rotational structure of a par-
at each point in the flame or at a particular delay time. ticular v' - v' term, as shown in Figure 7a for (6,1). This

If the upper state radiative lifetime is longer than the laser pattern is the same as that in Figure 4, except that one of the
pulse length, useful information can be obtained from its satellites is here blended with the line marked Pi. From the
measurement. This could be done in principle from an oscil- rotational branch pattern and the R-P splitting (3.85 A here),
loscope trace of the time dependence of one fluorescence we can determine the rotational and fine structure quantum
decay. It is usually accomplished in practice using the gated numbers of the level excited, although they are not important
integrator to average over a number of pulses at a given time for the current purpose.
after the laser pulse, and then systematically scanning that A scan over the entire region of emission, extending from
time difference. the ultraviolet well into the visible, is now made (Fig. 7b). Each

peak corresponds to a particular v'. The full v' - 6 -t V"
Franck-Condon Factors In S2 pattern can be seen, beginning with the 16.0) band marked

In this experiment, the laser excites a particular v' vibra- with the asterisk and corresponding to the excitation, out to
tional level of the B3Z - state of S2, which then radiates to a the (6,26) band on the far right. Each of the terms contains the
large number of v' levels in the X:31- ground state. In a flu- same rotational structure as in Figure 7a.
orescence scan the intensity I,. .- of each v' - v" term is The ability of LIF to clean up an emission spectrum is at-
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tested to by the fct that of the 27 term belonging to V 6
seen inthis study, only nine had been previously reported in ~ ~i.,lg.ii.
the wenTIoIInal sprOecoVpic liteare due primailly to T

p. ~~overlapping by other bands An examination of Figure 7b rt. logo'. .i.i..g..I~
veels vaMY regular pattern to the intensities asthe wavelength
Arndhe nc im An unuaigevloehvn.ee
maxim can be easily dincerned. This pattern is subject to a
very simple explanaiorn. through the Franck-Condon pnn.

The Franck-Condon principle, which governs the intend. *IIi*iIt*

S.place). Quantum mechanically. these two requirements must 20 22 L
.,.,be satisfied simutafneously, as reflected in the integral of eqn. I A

Il ~(1). In Figure on the left are shown schematic wavefunctions P9"e I. A Dicof ft Vem wuhd w,,. useus gasa SUM~r AgN h IlauwM
for S2 for a single v' and several u'. Consider the overlap with The~ irId 0~aDa a si cumQ . -W*0imahs" di .

V- 20. The rapid oecillations in the center of the U, - 20 ExPecled fissi,. Otiouse "euggiwate wavekiwm d wti mbe e
wavelfunction will yield alternating positive and negative ~ m.N seu~ wrsyrltd o u mUn.
values when multiplied by the more slowly varying upper state IWImiaiiiedc enegy.(Repnms Nfrjo ~*cvn f QnmvwPtpscsl
wavefunction Consequently the contributions to the inteo"a
from the central region of internuclear, distance will tend to
cancel and the integral will be dominated by the slowly
varying lobe of O,,* near the right hand part of the poten. cress smoothly with u I. the spectrum in Figure T b reflects
tisi. the value of 1t, (r) I' with r increasing. Recalling the harmonic

This argument is extended graphically in the right hand oscillator wavefunctions for v' - 6, the meaning of the seven
side of FRem 8, where the effective tO,,. has been replaced by lobes is now clear.
a function which is zero except for a gate, or delta function, The values of r-, can be obtained from the spectral con-
attached to the ground state potential at the right hand stants of the ground state, and a plot of q, - vs. r, - should
turning point6i P,-. In this approximation one, may write the (within the spirit of the approximation in eqn. (2)) yield di-
Franck-Condon factor as rectly the probability distribution of 4, as a function of in-

ternuclear distance. Measurements have been made on all ten
4 q.~- fO4 iri6ir, 2- i'=1, trL.)12  2) bound vibrational levels of B3Lu-: half of these were made

*i.e.. it represents the square of the probability amplitude of using LIF (4) and half by the pre-laser counterpart of exci-
the upper state wavefunction evaluated at r, -. Since r, - in. alnb onietly vrapn tmcln )The results are displayed in Figure 9. For each L-. and q,

______________________________________ are plotted as a function of r. - with zero at the correspondinz
The twO Unlng powti are Miosel vasmo whir OW totel on.w energy level i that is. the way vibrational wave! unctions are

of toe vitisttal state* s P"eoliall. mea is. whee Vieeegy level cuts often drawn). Superimposed on the q,. pattern is the po-
*1e Poealo" curve. tential curve for the B eiectronic state: it is to be emphasized
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that the potential curve plot and the qu,- plots are entirely (0a3
o.4 independent of one another. (0.0)

The assumptions involved in the use of eqn. (2) preclude PI4
-,., attaching a full quantitative significance to Figure 9: none-

.theless, the results are instructive. The "wave functions" ex-
hibit the proper number of lobes and span the expected region Q23 .

of internuclear separation with reasonable centering. The
,. undulations in the center (where the kinetic energy is high) P 4'

have a shorter effective wavelength than those near the
turning points, and there is some finite though small ampli-
tude in the classically forbidden region outside the potential.
In any event, these results form a compelling reminder that b

.1 4. molecular vibration is indeed described by a wavelike picture;
in fact, the essence of this is contained in the raw intensity
data of Figure 7b.

rVi nala Energy Transfer in OH
* We ha's seen that LIF can provide spectroscopic (i.e.,

structural) information about isolated molecules. It is also
invaluable as a state preparation method for collisional energy
transfer studies. As an illustration, we consider vibrational
energy transfer in the OH molecule (6).

The OH is produced in a flow system by the reaction H + C
NO2; the H atoms are formed by a microwave discharge in H2

*;,r.vapor. Controlled amounts of other gases are added as collision
partners. The OH is excited by the laser to a specific fine

* structure component of a particular rotational level in u' - 1
of the A2Z excited state. Emission in the (1,1) bend will
identify molecules within this initially excited vibrational
leveL If the presence of added gas is high enough that collisions

;' occur before the OH fluoresces, some of the molecules may be
transferred downward to v' - 0 of the excited state, losing
-3000 cm - 1 of vibrational energy. These collisionallytrans-

P: ', ferred molecules can be measured by the fluorescence in the 3 0 3
(0,0) band. 3080 3120 3160

Figure 10 exhibits the experimental results. As signified in x{A)
thetp scan, emission to the left of the short vertical line at FIg, 10. Fkire m scamofOoexcitedto te- 1, A ,33'/2
3124 Ais the (0,0) band, while the (1,1) band lies to the right. Well of ge A4eas. To te lefit (X < 3124 A) les ermalsion in te (0.0) bend and

% Here, the N' 3, J' -31 level in v'l 1 is pumped by the laser. to me r o n 1.,1). a Ne ad 1 rowlnd It eme ft me
In scan (a), only OH molecules are present and the spectrum (1.1) ba by te pimpd ledrel we marked (a few mull fetures re due to
consists of the six marked rotational branches emitted by this OM I wNh baomsnad gam es Fig. U). With no caofiin oocurf. ewe
level (A small number of weaker lines is also present; as in i no popuni in V - 0 me c anewun nission in the (0.0) boe b. -1
Figure 5 these are due to collisions with the ever-present H20 l ines inn ft m e u, 1)ban wiyehroughco tl m si me , oe rroational
and N02, and will be ignored.) In the absence of collisions, Va -he(.1)T d I )ie a nlo whchhener utsferwom
there is no OH in V' 0 and the (0,0) band region is dark. vilreuoui Vensfer collions to V - 0. The rative intesmities show het mete

In scan (b), about I torr He has been added. In the (1,1) vbatio mhows .!. id has a much We ener difference, occurs more
region, we see not only the distinctive pattern emitted by the s rlowlyt mo oawicauinwe, for te coiions. c -1 twr M2 ded. Here. much
pumped level, but also additional lines due to other rotational more vbrtion trasfer occurs. as indicated by me (0.0) Intensity: it actkly
levels within V - 1, which have been populated by rotational is faster t rotational transfer within V - I for collisions with H2. [Repinted
energy transfer due to collisions with the He. A very small from me Jownal of Chenical Physics]
amount of fluorescence is seen in (0,0), coming from OH
molecules which have been collisionally transferred down-
ward into v' - 0. Now the separation between adjacent rota- ternal structure of the H2, which provides, compared with He,
tional levels in v' - I is some tens of cm- 1, much smaller than extra channels in which to deposit the excess energy. The full
the vibrational energy difference. Energy transfer is expected series of experiments (6) include Ar, N2 and D2 as a collision
to occur less efficiently for a larger energy defect. For He as partner, OD as the pumped molecule, transfer from v' = 2. and
a collision partner, the weaker fluorescence from v' - 0, measurements of the rotational distribution of the collisionally
compared to that from rotationally transferred molecules transferred OH. These all point to the conclusion that the
within V' - 1, is in accord with this notion. vibrational energy transfer, for diatomics as a collision partner,

H2 is a light molecule and, although it does have internal occurs as a result of a long-lived collision involving attractive
vibrational and rotational energy levels, they are widely interactions.
spaced, so that one might expect it to behave not unlike He Yet another important and surprising result can be ob-
as a collision partner. However, Figure 10c, which shows the tained from the data. exploiting the tunability of the laser.
fluorescence spectrum obtained in the presence of -I torr H2, Consider again Figure 10c. The rotational branch pattern in
is strikingly different. The (1,I) band again shows the lines the (1,1) band shows that most of the molecules in v - I are
emitted by the pumped level, plus some due to rotational in the initially pumped rotational level. This means that the
transfer, but less rotational transfer has occurred than with molecules which are transferred to " - 0 originated from that
He. The amount of vibrational transfer, as seen by h. elative same level. That is. the vibrational transfer which has occurred
intensity of (0,0), is, however, much larger. Here the r-ate of is specific to the initially pumped rotational level. We can
vibrational transfer is actually faster than rotational transfer. measure the vibrational transfer rate constant ior cross sec-
The surprising result does appear to be linked with the in- tion) from the (0.0) to i 1,I) intensity ratio as a function of
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species. Chief among these are spontaneous and coherent
Raman scattering and LIF. all of which share a number of

o common attributes. Each has a high degree of spatial resolu-
tion, achievable by focussing the laser beam to a diameter of

' o100 is or les and imaging the signal through a slit in front of
the detector. This is necessary when probing a flame at at-
mospheric pressure, where the flame thickness, or region over
which significant chemical conversion and hence steep con-
centration gradients occur, is often less than 1 mm. The use

" of pulsed lasers and single-shot data acquisition means a time
resolution of 10 naec, much faster than flow times or chemical

0 activity can distort a given spatial region in a time-dependent

system such as a turbulent flame or detonation. Importantly,
to L o the laser methods ar non-intrusive; that is, they do not per-

'-p.oturb the gas flow and/or chemistry such as can occur when a
physical probe such as a thermocouple or sampling nozzle is

. inserted into the flame. Also, they can be used in environments
too hostile (high temperature or corrosive atmospheres) to

4. 'o permit the insertion of such physical probes.
The information obtained from the laser methods are

typically in the form of profiles of species concentrations and
temperatures through the flame, which are then compared

; 0 ' * ' ' 1 ; 'with models of the flame structure. LIF and the Raman
methods complement one another well in providing a wide

We in A2Z range of molecules which can be studied. The Raman scat-
Poe 11. .owieU ,l.i/ aI o.f' 0 .-- .. tering methods yield a relatively easily analyzed measure of
sa M 0 W fall rem W dmn do W n 01 t. Them me^ as the majority species present, that is, the fuel, oxidant, main
fsa ft sea co e WiW. exhaust pus, and, in an air flame, N2 . However, signal

strength considerations limit typical detectivities to about

C*Am~dW 11011wn Ofts te bL 0.$-I mole per cent. and the Raman methods generally cannot
measure the transient species (often free radicals) present at

0, %s so so, low concentration. LIF has the needed sensitivity and can
C. Ca, furnish a measurement of the concentration of these inter-

C., , C, cO M CO mediates, crucial to an understanding of the chemistry of the
Wk 0 GA C combustion process. On the other hand, most of the closed-
No. MO0, i'O 045 C0 o shell majority species cannot be made to fluoresce (due often

to a predissociative nature of the lowest accessible excited
state). Hence, both the Raman techniques and LIF are needed

Paman1 of the colibion partner. Tuning the Laser so as to for a full characterization of the combustion process using
pump a sequence of rotational levels then will provide the Laser spectroscopic methods.
initial rotaonal level dependence of the vibrational traser As noted, LIF has high sensitivity. For example, under fa-
rat. vorable conditions, OH in an atmospheric pressure flame can

The prior eipectation is to find little or no dependence on be detected at sub-part-per-billion concentration levels with
N'. The results, shown in Figture 11 for N 2 as a colaion part- I -m- spatial resolution and during a single 10 nsec laser shot,
nor, demonstrate quite the opposite-a very noticeable vari- producing a signal level of -100 photoelectrons. Averaging
ation with initial rotational leveL This is not a matter of energy over a number of pulses, as one would typically do in the study
difference, or resonant exchange of any kind. Rather, it ap- of a flame in the laboratory,' would permit extending the
pears that the initial collision dynamics, in the entrance sensitivity or tightening the spatial resolution.
channel to the long-lived complex. are responsible. The at- Clearly, LIF is sensitive enough to detect transient species.
tractive forces leading to the complex ae anisotropic with For it to work. however, one must have suitably separated
respect to the OH (as befits its strong dipolar character). As electronic states, the lower of which absorbs the laser light and
the OH rotates, approaching velocities not unlike that of the the upper of which fluoresces. Serendipitously, many of the
coision pear, the aniotropy would be washed out and theem key intermediates in combustion chemistry can be made to
of formation of the complex reduced. f folUowing laser excitation. In Table I are listed those

The results in Fiare 11 do not demand this explanation b molecules which have been obeerved using LIF in flow systems
it is plausible. At the very least they demonstrate that mo- and/or in flames. and which arise as "natural" intermediates
lecular collisions, when investigated one detailed besi exhibit in the combustion process. Of these, the OH molecule is by ,ar
feasure and behavior far richer in variety and complexity that the most popular for probing in tames via LIF. for several
previously supposdL It is through the clean state preparation reasons. It is an ubiquitous and important reaction interme-
afforded by LI1, and its ability to pump a sequence of levels diate, so that its presence can serve to signify the occurrence
so as to compare results, that such details can emerge. of combustion, a sort of index of the degree of reaction. The

fhrastm Pe r om sm a spectroecopic date base is well established, and the necessary

Besides providing fundamental spectroscopic and colli- laser wavelengths are especially convenient for the experi-

sionai information. LIP is also becoming of more practical
importance, notably as a tool for the study of flames. It is one rhe 5E10e-Uml~ "We of merit to dwectly aswce to woomig a
of a family of laser spectroscopic probes whose development ire-eemeri fame. sucr as • ufau t one. ~a ts must"I coilected and artritd oft a snot-ory-s~ Des.

has been the subjct ofa significant effort within the past few ? Theaected 5nd Spaces $n as Mtst ar !how ox:
J years 17 . S€M PW 4s . W l s ecan e DO c? . ae t si s O n Sv 0o: 0

By spectroscopic probes is meant those methods which ,n lame$ oy so .awe mot listed. Also ecued ,s a consoeraose
provide concentrations and temperatures population dis- Munw of lawe organc Molecules sucn as nnrere. acetone. :enzyv

A .tributions over internal leveisi of identifiable molecular radicals. etc.
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mentalist. A complete picture of a combustion chemical net- Electonws PM
%'" work of course requires measurements on other species as well, Tube

comparing the profiles of different intermediates as they ap-
pear and disappear through the flame.

The high sensitivity of LIF arises because one creates with 
Gam:

the laser a real electronically excited state, in contrast to the N2

virtual states involved in the Raman scattering methods. .

Concomitant with this sensitivity is, however, the chief dis. COT Law

advantage of LIP as a combustion probe: because the excited
state possesses a finite lifetime, it is subject to collision pro-
ceses which affect both the magnitude and spectral form of
the observed fluorescence signals (8).

The types of collisions can be separated into two categories. [-
Energy transfer collisions move the excited molecule to dif.
ferent levels of the excited state and alter the fluorescence
spectrum. This is readily apparent in Figures 5 and 10 for OK.
If the enargy transfer cro section is a function of the excited Fom 12. Sd-mWe dmsWnoft a65W eM usd fo U o IsmM Dy-

level, as we have seen to be the case for vibrational transfer mal wll, LF de.en. A nWam of t* as M go. Fse mas md aWO ,

in OH, the spectrum will be different for different pumped I Mb F r ido Mo* hq 9W a". ae T oh P~ C ,C) WW -ecin-

levels. This can easily be accounted for if cognizance of the _ss o .m e asumas bM a - ye u i wmas a we L e s 1mW leMW
effect is taken; but if unnoticed under typical operating con. O Ch p e gs.
ditions it can lead to, for example, sipificant (seeral hundred
degrees) systematic errors in temperatures deduced from experimental results yield a ratio INHI/[OHI - 0.04 for the
excitation sans (9). reaction sone of this flame. In a separate experiment, the OH

Of more concern, and harder to account for, is the occur- concentration was shown to be present in a typically large
rence of quenching collisions which return the excited mole- amount, -7 X 1 0 15 cm - Thus the NH concentration is -3
cule to the ground state nonradiatively. The observed fluo- X 1014 cm- 3, high enough to be o considerable chemical sig-
rescence signal is proportional to the excited state population nificsoce.
N. which am be related to the (desired) ground state popu- Because of the need to estimate QIA, these results are not
lation Ns through a simple steady state balance p accurate enough to provide any quantitative comparison with

ahumed mechanisms. They do, however, contain a crucial

N. - -N' ( message: any model of the CHg/NsO flame chemistry whichN A9 + ignores breakage of the N-N bond is unwise. Thus the tone
Hence, a is the excitation rate due to absorption of the laser for the development of a mechanism is set by this simple,

, photons, A is the radiative rate, and Q is the collisional qualitative experiment. The next step would be to search for
quenching rate, all in sec-t units. For OH, A - 1.4 x 100 m -  other species whose presence or absence in the flame answers
while in typical flame gases at atmospheric pressure Q exceeds important qustios acarning that mechanism- for example,
109 sec - , so that only about one in a thousand excited OH ideas about the chemistry involved have identified the NCO
molecules radiate& Thus an accurati determination of abso- molecule as possible species in this category, and this formed
lute values of N s requires accurate values for Q-a tall order the impetus for the lar spectroscopic study of NCO illus-
given the complexity, and variation with position, of the trated in Figure 2.
composition of flame gases. Several approaches are under A flame burns through a complex interplay of physical and
development to attack this problem, as reviewed in reference chemical phenomena. The exoergic chemical reactions of
(8); although more work remains to be done, the outlook ap- combustion heat up the flame gases, further accelerating the
pears promising, especially for measurements in laboratory rate of reaction; also considerable chain branching and se-
flames where the collision environment can be character- quences are involved. Transfer of mass and heat and the
ized.- overall flow dynamics of the gases are intricately interwoven

Even when one lacks information concerning the quenching with the chemistry to produce the overall structure of a flame,
rates, significant and important information can be obtained and all of these processes must be taken together to produce
using even coarse estimates. This is illustrated with a very a proper theoretical description. In fact. it has been suggested
simple experiment involving the flame of CH4 burning in N20, that a flame itself is a very poor candidate for study if one
which has been under study in our laboratory. wishes to understand flame chemistry.

The N-N bond strength in N20 is 4.93 eV while the N-O It would be satisfying to construct a model of the combus-
bond strength is 1.68 eV. Therefore the obvious chemical tion chemical reaction mechanism based on rate constants
mechanism would involve a splitting off of the oxygen atom determined in separate, independent experiments. This can
and subsequent oxidation of the hydrocarbon with the N2 an be done to some degree using values obtained from flow sys-
inert bystander, much as in a CH4/air flame. The conventional tem studies and shock tube results, but the temperature de-
emission spectrum of the CH4/N 20 flame shows bands due pendence of many reactions in the regions pertinent to flames
to NH, NH 2, NO and CN (plus the omnipresent OH); all of remains lacking. We have recently carried out some prelimi-
these can be formed only through breakage of the N-N bond. nary measurement. (10), combining the use of LIF with the
However, because of the possibility of chemiluminescent ex- method of isothermal laser pyrolysis (ILP). ILP, with detec-
citation occurring within the flame, the existence of emission tion using gas chromatography and mass spectroscopy, has
does not necessarily denote significant concentrations of these been studied and applied at SRI within the past few years

.e radicals in their chemically relevant ground states. U) ); the addition of LIF as a detection technique, should, we
LIF, on the other hand, can provide the needed information, feel, provide a powerful tool for the measurement of rate

* Excitation scans were made in the A-X system of the OH constant. and small chemical networks involving radical
molecule near 3080 A and the A3

rl-X
3
2- system of the NH species.

molecule near 3360 A, with the laser directed into the flame A schematic diagram of the apparatus used is shown in
near the most intensely luminous portion. There exists a Figure 12. A mixture of N2 and SF6 together with some sample
near-total absence of information on quenching rate constants
for the excited state of NH, so the ratio Q/A was simply esti- In he limit of low laser power. that is. when no optical sUtuaton
mated to be the same for both species. Using this guess, the effects we present.
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subeequent reactions take place, if a real-time monitor such
as LIP is employed. In addition to studying such bimoilecular

4, w1reactions such as the one described here, we plan to perform
experiments in which radical species are not only reactants
but also products, so that small chemical networks can he
followed. With the large variety of species which can be do-

0 tected with LIP (see Table 1) this should permit the detailed
0 so 100 INO investigation of a large number of reactions important in

TIE. WANMwu..u combustion systems.
Flip. 1 m 0 I&Piuso PAJ iLV erwas, siviihigf CeH doiaf a a furadipm TSPwo~fclo. lExitale

ft 6ssI - 11oft 44011a, a " Show I das a4 king Sines Is because AUl of the experiments described thus far involve fluores-
of on"m *00 go col. The Unpersoe in f nie a asf 'Iims m cence from the excited state following the absorption of a
OwOs. -uae ea e iesiree w 013 aa .4 single lasr photon. The advent of powerful commercially
aded I ft 6wadei. The solid filepsam6n e III m a. chimed .15mn available dyef lesers has made possible a number of non-linear

* ~ ~ ~ P 04. fte am Dom Se how "in ON Is ""wa.d 35 ta aps Wonl f 046 experiments' 0 such as two-photon excitation. Here in the
.4 Saiaftw Cnd5~ an a Ie oQarnai Vi m im -ae 'at1300 excitation process the molecule absorbs two photons simul-

Kt. taneously, a process with a small absorption coefficient but
* us-HsIs. in thes proot-of-principle experiments-slowlry enabled by the high photon densities available with focussed.

flows through a reaction celL A pulsed C0h lase ('-I maw pulsed lasers. Two-photon LIP provides us with new kinds of
pulse lenigth) is fired into the mixture, and its energy as ab- information and permits new diagnostic methods, as we shall
R A ed by the se. Rapid transfer of the vibrational energy a"oNO.

of the Sre into vibrstio"a rotational. and translational modes The frst experiment to be described (12) involves the
Ofa the otheir gass heats the sample to some given tempera- now-familiar OH molecule. Instead of exciting with the fre-
turn.1 chosen by the amount of SFe used which dictates the quency-doubled dye radiation in the ultraviolet, we now use
smlaount of lsar energy abearbed. In the coo chosen here the the dye lmrw funidamental in the red. Thes electronic transition
HA pyrolyzs, falling alpart into OH radicals. Following the (the same A2Z'.X 2U, considered before) as allowed in both

*CO, pulse, after a predetermined times delay which is set one anid two-photon absorption because the OH has no in-
electroniaaolly. the dye laer is triggeredl and excites fluorws version symmetry, and the detection is carried out using the

ism inteI single-photon fluorescence in the ultraviolet. The OH sample
The esio o th exprimnt e sown n Flm ~a.The is produced for thes experiments simply by operating in the

time delay is varied so that the temporal profile of the OH hot burnt gas region of a CH4/air flame--we now are using
concentration can be followed. Here it rise a the H0 do- combustion to study. lasr spectroscopy rather than the other
composes, remains steady at some plateau value. and finally way around.

0falls offes the mixture begins to cool. A temperature of 1300 Compared to one-photon excitation, new selection rules are
K in the plateau regon is measured by tuning the laer to a involved in a two-photon transition. The most immediately
different rotational line and obtaining a rotational tempera- apparent difference is the occurrence of new rotational
turn', obviously one could in this way follow the time depen- branches having J - *2 in addition to WA- *1,0. An in-
done of the temperature as well. teresting and useful result is due to differences in parity se-

In the next phase of the experiment, a little CH.. is added lection rules, as illustrated through Figure 14. This figure
to the flow. In Figure 13b, the solid line represents the same shows a two-photon excitation scan through the R-branch
OH time-depondent concentration measured in the first ex- heads of the 40.0) band. Above it, on the same scale of total
perint (i.e., in Fig. 130). Now, however, the OH. after rising photon energy for comparison, is the single-photon excitation
in the firs 10 jusse, falls due to reaction with the CH4, as shown scan. The individual rotational transitions are marked. the
by the points in Figure 13b. From these we may extract a rate number listed is the ground state value of N*. the angular
constant for the OH +4 CHI. reaction at 1300 K- the results are momentum ignoring electron spin effects. I Note that the samne
within '-20% of the best literature value at this tempera. rotational branches do not appear at the same energy in each
ture. scan. Further. the shift varies with NV': this can he seen for

.4 ~~~~~The preliminary experiments illustrated in Figure 13 were __________________

not carried out at a level of accuracy to warrant such a good aIn acuality. 9er is first a Shorp. suposthqn spike followed tiV
level of agreement. but the numerical result does illustrate a coooing wave. all occurring before t plateau region of Figure i3:
that the ILP. LIF method works well and holds high promise See Reference I 11) for details on the ohysies of th iLP Orocess.
for the determination of high-temperature rate constants. The '0.V we naeady eipacitty encounterdtns ii telsr'sn
heating, if the jase inside the cell avoids heterogeneous re- 'or *he frequency oucaing and smitting methods used.
actions sometimes encountered in wall-heated reactors-. the . . V'Sot&a*ota4ly lood" quantum muior out adequateivy den.
use of .t pulsed hoating method c.an simplify jltuatiol* where :ifies selinesin tisrarisition.
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example by comparing the relative positions of R1(5) and where it is used to pump a dye in the red (for 0) or yellow (for
R1(13) from upper to lower trace. N). The dye laser radiation is frequency doubled to wave-

The reason for this is as follows. The ground state for the lengths in the 3000 A vicinity. This ultraviolet radiation is then
transition is a 21f state, so that each level is actually a nearly focussed into a cell containing -10 atm of H2. Here, stimu-
degenerate pair termed a A-doublet. One component of the lated Raman scattering occurs, producing intense radiation
doublet has positive parity, and the other negative, with re- at the frequency WR - WL - wH, where W"L is the input fre-
spect to a reflection symmetry operation through the inter- quency and WH the hydrogen vibrational frequency. The
nuclear axis. The upper state is 22+, where only one parity is beams at WtR and WL then, in the same cell, undergo a fre-
associsted with each rotational level. A one-photon transition quency mixing process producing a series of output wave-
connects levels of opposite parity while a two-photon transi- length at WL 4E Pn3 H. With a prism, we choose the one corre-
tion occurs between levels of the same parity. Therefore, for sponding to n - 3, at the wavelengths listed in Figure 16.
a particular rotational branch between two specific levels, the In order to assess the usefulness of two-photon excitation
one-photon transition will originate from one component of as a diagnostic, we must gain some information on the ab-
the A-doublet and the two-photon transition will originate sorption coefficient and on the radiative and quenching rates
from the other. The difference between corresponding rota- of the upper state. We begin by considering relative transition
tional branches in Figure 14 then directly yields the X-doublet probabilities for the several fine structure components of the

.1, splitting. This, as can be seen from the figure, increases with 3P - 3p transition in 0, to compare with theoretical calcula-
increasing value of N". Reducing the data to the actual tions. The ground state of 0 is split into three components;
splitting values yields the results shown as dots in Figure 15. 3P2 is the lowest while 3P, and 3Po lie at 158 and 226 cm- 1

The solid lines are the predictions (not fits) from a theoretical higher, respectively. The upper 3P level is split by an amount
study;, obviously the theory of A-doubling in OH is in good of the order of the laser linewidth. Excitation scans across each
shape. of the three ground state components are shown in Figure 17.

In addition to providing such fundamental information, (Note that the sensitivity is different for each trace.) The
two-photon excitation has promise from a practical viewpoint, expected positions of the upper state components accessible

One set of species which are important intermediates in by the selection rules in each case is given by the stick di-
Scombustion and plasmas are the atoms themselves such as H, agrams. Although the upper state fine structure is not re-

C, N and 0. Then cannot be detected using single-photon LIF solved, the relative breadths are in accord with expecta-
because their first absorption transitions lie far in the vacuum tions.
ultraviolet; even if there were lasers operating at the appro- To obtain relative absorption coefficients from the inte-
priate wavelengths, the atmosphere and flame gae are grated intensities of Figure 17, we need to know the popula-
opaque in those regions. Two-photon excitation permits the tions of each level. This requires that the temperature in the

* '- use of accessible wavelengths which will propagate through flow cell be measured. For this purpose, we admit some excess
the air and flame. NO and replace the infrared filter in front of the photomul-

In our experiments on 0 and N atoms (13), the absorption tiplier with an ultraviolet filter. Only a few Angstroms from
of two photons with wavelengths near 2000 A elevates each the O-atom two-photon wavelengths lies the single-photon
to the first excited state of the same symmetry as the ground absorption of the (0,0) band of the A2

Z
+ -X2II system of NO.

state. This state then emits in the near infrared a photon Excitation scans through this band quickly confirm that the
which forms the detected signal. The details of the states and system is at room temperature with the discharge either on

* wavelengths are shown in Figure 16. These wavelengths are or off. This then leads to the result of equal two-photon
,-' usable for diagnostic measurements, and similar schemes can transition probabilities for each fine structure component, in

be designed for H and C atoms. agreement with theoretical expectations.
The atoms are produced in a flow system using a microwave The radiative and quenching rates are determined by

discharge in N2 and He, which produces N atoms. When 0 measurements of the upper state fluorescence decay as a
atoms are desired, NO is added downstream from the dis-
charge to form them in the reaction N + NO -- 0 + N2. (This 10_
is a titration reaction detectable by its chemiluminescence, 0 2p 4Do

and can be used to measure IN] or [0)). The necessary laser 30 3P

radiation is produced by a string of non-linear processes. A -_785MNd:YAG laser at 1.064 p is frequency doubled to 5320 A, so 2
2
3, p-

3. 
3
S

12 I I I 1

10 
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40 --

a.,6 z

•4 226 nm I 211 nm
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N"e " 1. State designatons and energies, excftlon mddetecti-i waveWqft
(in lm for ie hvolon LIF schmes in 0 and N. The excitalion "lines" actually

Fa IS. X10111111 Plflh A h Iw of AF i le x2fl, stte of o. Poefu: have tlee components for 0 and four for N, due to fine-Struchtre splilting. but
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* .function of time. Figure 18 shows a short series of such runs obtained using Laser-induced fluorescence. It is reemphasized
for 0. Here, a narrow gate on the gated detector is scanned that the selection of topics follows wholly the author's own
from a time shortly before the laser fires till long after. Any interests and research; there have been many other LIF ex-
given point in Figure 18 thus is an average over several laser periments performed in other laboratories and this paper is
pulse. although the simplest way to regard each decay is as not Meant to constitute a review of the field as a whole. Taken
an oscilloscope trace in real time of the fluorescence signal. together, the efforts with and results from LIF experiments

At early times the signal increases as the laser pulse. -8 nsec have greatly increased our knowledge of molecular structure
long, pumips the excited state. The later decay of the fluores- and behavior, not only in quality and quantity but also in
cence reflscta the decay of the excited snare population, which opening new levels of understanding. In is clear that this will
obeys a first-order rare law continue in the future, especially with the extension of laser

No -N.(t- 0 slp-kt)(4) sources to cover even a greater range of wavelengths.

whsreh A +Q A+ kQP. kQis the rate constant for AW WeU~
quenching and P the pressure. As can be seen from Figure 13, The experiments described in this paper have been per-

*addition of N.2 to the cell (downstream from the discharge, so formed over several years and have involved a large number

that the atom-production chemistry is not perturbed) cass of colleagues. It is my pleasure to acknowledge -John Allen, Bill

a decreas in the excited state lifetime. A plot of h versus the Anderson, Bill Bischei. Rus Lengel. Keith Meyer, Bryce Perry.
pressure of added N., yields the radiative rare from the in- Greg Smith. and Brian Sullivan for their invaluable contri-

tercept and kQ from the slope. In the case of the 0 and N butions to this research. Ilam also grateful for support for this

atoms, we ind that the values obtained portend well for the research, which is currently provided by the U.S. Army Re-

use of two-photon excitation as a diagnostic tool in flames, search Office, the National Science Foundation, the Depart-
providing potential derectivities down toward the parr-per- Mont of Energy, and the Air Force Wright Aeronautical

millon level Laboratories.

Concludig Reagarks ULierighe CIed

It is hoped that these experiments have illustrated some of (1) SWMirw . J.. Smith G. P. will Creieo. 0. Ft_ t be puhbiake

the kinds of interesting and useful information which can be M2 Long. F. A. ilad Craii. 0. IL Chem. Phsi.. 91. 206 (97).

(43 A~a. W. IL Crooloy. D. It. uAd Ado.. jr J. L J. Chest. Phsi.. 7i. 8214 19193
31 Mayer. L. A. tadl cranky. D.3.. J Chem PkyLs. A5 3153 11i973).
4) Lmw.I. L L. and Crid.. 0.31L. J, Chemt Phmys.. 1L5309 (1978k.
(7) Crose. D. &. iEdow3. 'Lmo t, (Cernum Cbomlsay.4mv Che,,. SMc.

syumieiet . V.A. 134 t 1801
(53 Camile,.D.R_ Opt. Enr. . 311 (i1961.
M3 Crxloy. D.3. iaid Stfutl. CG. P.. Cwqm. Flew,. fit. 2- (i 352.

110) Smith 0.. F ad ColWYi. 0.3R.. to he pubkohint

3p ~~ii3 .MC4111111,0 D. LraV K. LSmih. G. P.. and Golda. 0. %L.l. Phiw, Chemw.. A 7re

C"A (123 Cre.. PL3. Smidi. G. P.. atid Sischoi. W K. to be pubobhed.
2 41-70 SiwhA W. JL Porm'. a . am Cmnk. a. it. Cka,. PA,, Loet. sz, J& i i533

iZ 2

:;A.n 25

.ASIR 94EQUENCY c
2 5

1 50 a,, '

9gWe iT, Exation scans ttrwotig sacs, tins smacturs cormponient'n 0a
Itrasition. The figures are Senoteol by the Ifll grou~nd state isivs 'in scin cags; Fgur S5. .,fetime scanis for e 3 o stats of oxygen -he ser ourrios to
maote mat tts gain vrios. rho uoper stats splitting is not lrsonisd ay iie iaser: excisoa stats Out smuts off after -8 ,isec. saig "i excited state to fluoresce

lie qworttalv eA0*Ctad positions Wolaive i~tVntensities due t0 sacs 13 'not. at is.:tiwactsristc ioa~at~s ~, scan s nm*is acs a~ of a05 Was ami

:*too try T25 stick1 aliligi5m, *Mu~s are Iaotilli8 Dy ". uoer stats e t . us iii055 &a4 5011ou ScaWS art With 2 am $:r of O(, awe00. 'esciftG71v -Ofr
The lower two scans have Oly two controusnqg UOMe State 0oqyOonsflnts esonm rese asia are actaiied mes raciativ tetirnis of "is state anroTss solcnon -or

S tO seililOCIn ruls. 90I PClt@O '7037, :P11i"lCJ( PhysGicfsrS is :Oihslonal ausricin.g: an4?(

xourue 59 N4umoer 6 June '982 435S



-7 77 1,77 77-. 7K

Volume 96, number 3 CHEMICAL PHYSICS LETTERS 8 April 1983

LIFETIMES IN THE B 2 1, STATE AND THE HEAT OF FORMATION OF NCO

Brian J. SULLIVAN *, Gregory P. SMITH and David R. CROSLEY
Molecular Physics Laboratory, SRI International, Menlo Park. California 94025, USA
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Using laser-induced fluorescence in a low-presSure uiow system, the lifetimes of the 0010 and 1010 vibrational levels of
the B 2fli state of NCO have been measured. The results, 63 and 410 ns respectively, indicate that the dissociation limit to
N( 2D) + CO lies between these levels. This corresponds to a dissociation energy DO ,4 1.68 eV and an enthalpy of forma-

0 48 kcal/mole for NCO, and A fgS (HNCO) > -14 kcal/mole.

1. Introduction F + HNCO and/or HOCN. The acid vapor was formed
in a small reaction vessel containing KOCN and stearic

The NCO free radical has been proposed as a possi- acid at -80C, picked up in a He carrier and injected

production of NO in the combustion of nitrogen. The fluorine atoms were created by a microwave dis-

containing fuels [I], and also in the C2N2 /0 2 flame charge in CF 4 in -1 Tort He. The exciting radiation
12). It has been detected by Jaser-induced fluorescence was provided by a frequency-doubled Nd: YAG-pumped
as a product of the CN + 02 reaction [3] and, in copi- dye laser, with bandwidth -0.3 cm- I and pulse length

.., ous quantity, in the reaction zone of a CH4 /N2 0 -8 ns in the ultraviolet. The fluorescence emitted at
-'.-', flame [4]. Consequently, values of its thermochemical right angles to the laser beam was focused onto the

parameters are of interest for incorporating NCO into slit of a 0.35 m monochromator; for the lifetime
reaction schemes for such systems. The value of the measurements, a resolution of 40 A was used. The sig-
heat of formation, AfHO-298, generally used is 34 ± 3 nal from the photomultiplier was processed with a
kcal/mole from Okabe's study [5] of photodissocia- scannable boxcar integrator and strip chart recorder.
tion thresholds in HNCO. Excitations from the 00 0 level of X 2 I to the

'n As part of a laser spectroscopic study of the 0010 and 1010 vibrational levels of the B 211i state
A 2 X*_X 2 ll and B 2 i1-X 2 ri systems of NCO [6], were identified from Dixon's absorption spectra of
we have made measurements of radiative lifetimes in the B-X system [7]. In the case of the 0010 level,
the B state. These differ sharply between the 0010 the R l and R 2 bandheads near 315 run were easily
and 1010 vibrational levels, indicating a significantly discerned in excitation scans but the other weak rota-
lower dissociation limit and higher AH0 than given by tional lines exhibited no obvious pattern, in accord
Okabe. with Dixon's conclusion that the level is perturbed.

For the 1010 level, excited near 305 nm, the rota-
tional pattern of Pl, P2, RI and R2 lines could be

2. Experimental details and results readily assigned following Dixon's analysis. Other

lines visible in Dixon's spectrogram but unassigned
The NCO was produced by the gas-phase reaction by him could also be seen in our excitation scans.

Fluorescence scans for each level exhibit long progres-
Present address: IBM Research Laboratory, San Jose, Call- sions in the ground-state stretching frequencies as well

" fornia 95193, USA. as weaker transitions to rl components of even.num.

0 009-2614/83/0000-0000/S 03.00 0 1983 North-Holland 307

-a".



- _ - .. . -..... .. **b -"' . . ... ''"'""" "*." ." '"'..-"" . .. """"

Volume 96, number 3 CHEMICAL PHYSICS LETTERS 8 April 1983

bered bending vibrational levels. (These weaker tran- 1o
sitions show intensity differences depending on which o(3p) CN(21) I
spin component, 2fill2 or 2 "n32 , of the B state is ex- -
cited; the analysis of this is still in progress [6].) For I12P, . I-,*)
the lifetime measurements, strong bands of the B-X 120 ot3 P CN 2_-)

emission were chosen from the fluorescence scans; *

these were 00 10-.l01 0 at 328 nm and 10 10- 0011 _ -

at326nm. , 2
Several measurements were made of the decay life- so - 811 x

time of the 0010 level, both in the presence and ab- _ _-

sence of addt-i collision partners. The zero-pressure Z H2,
result is 63 ± 3 ns, independent of f'ne-structure com- I,2
ponent. It is shorter than the values of &400 ns we 40

measured for several vibrational levels of the A state
161, which are in good agreement with the A-state re-
suits of Reisler et al. [3] but l15% longer than the

'. recent measurements of Chariton et al. [8]. 0 --
In the case of the 1010 level, the time dependence

of the fluorescence decay is identical to that of the Fil. 1. Term diagram for the electronic states and dissociation
laser pulse itself, wl7 ns when stretched by the pho- limits of the NCO molecule. Only the X, A and B states of

tomultiplier and electronics. This was determined by NCO have been spectroscopically identified.

tuning the laser off the absorption line and setting the
spectrometer to detect scattered laser light (the signal molecules, such mixing would not only have to be
at 326 nm vanished when the laser was tuned off the strong but also vary sharply in strength between the

_ line). The pressure was reduced to the lowest value two vibrational levels in question in order to explain
%..*-a (- 110 mTorr) at which a signal could be observed, the lifetime differences. A mechanism by which that

with no change in the decay shape. We conclude that might occur is a large difference in Franck-Condon
the lifetime of 1010 is <10 ns, considerably shorter overlap between the 4,- state and each of the 00O
than that of 0010. and 101 0 vibrational levels. This seems unlikely in

The overall fluorescence intensity of the 101 level that the B state lies high above the bottom of the re-
was measured to be *,O.I of that from 0010, whereas pulsive 4- potential, so that the latter's wavefunc-
Dixon found the absorptions to each level to be ap. tions do not vary much in form with energy; it would
proximately equal. These results indicate that a disso- require that the 4'r- curve cut that of the vI(B)

, ciation limit of NCO lies somewhere between the stretch close to the 1010 level. The observed diffuse.
0010 and 1010 levels of B 2f1 i, with the latter level ness in the 0011 band of the B-X system (7] would
decaying mainly through the non-radiative route, require a similar coincidence in the &'3 stretch surface.
Attempts were also made to excite the 2010 level, but We conclude that the dissociation observed here is
no fluorescence was observed, to N(2D) + CO(1 Z ), lying 19230 cm- I above the

.'* t.first. spin-forbidden, limit. Dixon (7] assigns the mo-
lecular predissociating state correlating to this limit as

3.Dscuion 2-- in character. This limit lies -3Z80 cm-I above
0010 of X 211, and the dissociation limit D O to ground-

Fig. 1 shows the term values for NCO. The first dis- state nitrogen atoms then has an upper limit of 1.68
sociation limit is to N( 4 S) + CO( 1Y-), which lies well eV. The heat of formation of NCO at room tempera-
below the energies involved in the present experiment. ture may then be determined from
This limit correlates with a 4- state o that predis- .H.NCO) = _ N) "

-p.- sociation to it is spin-forbidden. Although doublet- f...sN ' 0 f.2 f
quartet predissociation has been observed in other
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The value obtained is AH° 2 9 8 (NCO) > 47.8 kcal/mole; AHO 2 9 8 (HNCO) -D0(NH-CO) + AH. 29 8 (NH)
the value at 0 K, AHf0, is <0.1 kcal lower [9].

These values are based on the reasonable assignment + AH.298(CO) (2)
of the non-radiative process to a spin-allowed predisso-
ciation. However, the inability to assign the rotational with Do related to the measured threshold of c [ R
lines in the 0010--0010 transition and the observed emission by the c lI-X 3 - energy difference in
irregularities in the B 21fine structure splitting make NH. Using recent values for AHr 29 (NH) [131 and
it clear that the state is perturbed [7]. We must thus the a 1,-X 3 - energy difference f141, Okabe's
also consider this perturbation as a possible cause of measurements yield a -

the lifetime variation. That the vibrational levels in mole. The value of the he'at of formation of NCO was
3:. question are correctly identified is indicated by the then obtained from the threshold for A 2 v+ emission

B-X absorption spectrum observed in matrix isola- by
tion spectroscopy [10]. Mixing could occur with the

21 state, the A 21+ state, or any bound levels of f12' 0
the 2Z- state correlating with the limit. However, = AHO9(H 0=,I°,298(NCO
the level density of none of these states increases by f, aH(2 9 g(NCQ) (3)

the factor of six or more over this 1000 cm -1 inter- Okabe's value is AH 2 98 (NCO) > 39 kcal/mole,
val, as would be necessary to account for the observed using AH 2 9 3(HNC() = -22.1 kcal/mole. Okabe's

fluorescence lifetime variation. The A state has a result corresponds to a dissociation limit for NCO
shorter overall N-O distance and slightly steeper po- D) < 2.14 eV, and he concluded that Dixon's appar-
te• ials [7,11] so it is unlikely that the vibrational ent diffuseness was due to unresolved lines.
overlap with B will be significantly greater for 1010 Our results for AHf° 298(NCO) can be combined
than 001 0. (In fact, no A-X fluorescence was observ- with Okabe's H-NCO dissociation threshold measure.
ed upon excitation of the B state.) In the A 2 X+ state, ment to obtain a new value for the heat of formation
a much shorter 1000 lifetime in a matrix laser-induced of HNCO, using eq. (3). This leads to AH~f2 9 S(HNCO)
fluorescence study [121 was attributed to Fermi reso- > -14.3 kcal/mole. It is considerably higher than that
nance with 0200 but effects of a similar magnitude do obtained by Okabe using the NH-CO threshold and
not occur in the gas phase [6,81. (The A-state life- eq. (2). Consistency demands that Okabe's value for
times in the matrix are less than half of those in the the H-NCO threshold is too low, or that for the
gas phase, suggesting environmental effects in general.) NH-CO threshold is too high, by 0.34 eV. Examina-
The similarities in the fluorescence spectra for both tion of the figure in his paper indicates the first possi.
1010 and 0010 levels [6] suggest that mixing with bility is ruled out, but the second is possible as the
other electronic or vibrational levels is not occurring lower threshold would be at 1472 A in a region of
to an appreciable degree. very low HNCO absorption. (A threshold at 1472 A is

Dixon [7] observed diffuse features above 33700 the one consistent with AHO029 8 = 14.3 kcal/mole.)
cm- I in absorption, which he attributed to dissocia- The dissociation limit for NCO to 0 + CN can also
tion to N(2 D) + CO(I Z+), corresponding to DO < 1.8 be calculated from our values. The heat of formation

0
eV. He noted, however, that the diffuseness might be of CN is subject to some uncertainty [15]. Adopting
unresolved groups of lines. The present results imply a value AHf. 2 98 (CN) = 103.7 kcal/mole, the disso-
that the interpretation in terms of dissociation is cor- ciation limit'for NCO to O(3p) + CN( 2 1+) is 0.92 eV
rect. higher than the limit to N(2D) + CO(' 2-+) seen here.

Okabe's values [51 were obtained by measuring Thus the present results are consistent with Milligan
the photodissociation thresholds for HNCO to CO 4- and Jacox's failure to observe CN upon irradiation of
NH(c III), and H + NCO(A 2 Z+). (These results form NCO in a matrix with the 2537 A Hg line [101, which
the basis of the current JANAF values [91.) The heat lies 0.82 eV above our N(2D) + CO limit.
of formation of HNCO was first determined from
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4. Summary [21 J.N. Mulvihill and L.F. Phillips, 15th Symposium (Inter-
national) on Combustion (1975) pp. 113.

Lifetime measurements in the B 21"i state of NCO [31 H. Reisler, M. Mangir and C. Wittig. Chem. Phys. 47(1980)49.
suggest that the dissociation limit lies at or below the [4) W.R. Anderson, J.A. Vanderhoff, AJ. Kotlar. M.A.
1010 vibrational level of this state. This leads to the DeWilde and R.A. Beyer, J. Chem. Phys. 77 (1982)
following results: Do (NCO) > 1.68 eV; ARO 298(NCO) 1677.
> 47.8 kcal/mole (.H0o(NCO) ) 47.7 kcal/mole); [51 H. Okabe, J. Chem. Phys. 53 (1970) 3507.
A f0 

2 9 8 (HNCO)• -14.3 kcallmole (, 0 (HNCO) [61 BJ. Sullivan, G.P. Smith and D.R. Crosley. to be pub-
lished.-13.8 kcal/mole). [71 R.N. Dixon, Can. J. Phys. 38 (1960) 10.

[81 T.R. Charliton, T. Okamura and B.A. Thrush, Chem.
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Collisional quenching of A 21+ OH at elevated
temperatures

Paul W. Fairchild, Gregory P. Smith, and David R. Crosley

Molecular Physics Laboratory. SRI InternatinaL Menlo Park California 94025
.,; ,(Received I I April 1983; accepted 10 May 1983)

Thermally averaged crass sections 0 for collisional quenching of the A 2Z * state of the OH molecule have
been measured near 1100 K. The OH was produced and detected in a laser pyrolysiasmr fluorescence
experiment, in which a mixture of SF,. H101, and the collision partner M was.heated by a pulsed CO2 laser.
Thermal decomposition of the peroxide produces OH which is then excited by a tunable laser; the real-time
decay of the fluorescence signal at different pressures of M furnishes 0. These o0 at elevated temperatures
are generally lesa than the room temperature values. This result. the size of 0, and its variation with M
suggest the importance of attractive forces in the collisional quenching. The experimental results have been
compared with a theoretical calculation of o based on multipole attractive forces with a repulsive centrifugal
barrier. Good correlation is obtained for eight of the I I quenchers studied; the experimental values of 00 for
N2 and SF, are conspicuously low.

I. INTRODUCTION peroxide pyrolyzes to OH which is detected by laser-

Quenching collisions are those in which an electron- induced fluorescence (LIF); o is determined by direct
Ically excited molecule A* is deactivated to the ground decay time measurements at different pressures of M.staty itedamoleculeth ssmdeacitntedMtoRthenground The objective of the experiments was to provide two
state by interaction with some partner M. Recent ex- kinds of information bearing on the role of attractive
periments, and particularly theoretical correlations, forces. First are the measurements for the series of

show strong indications that attractive interactions be-

tween A* and M play a major role in the collisional partners and a correlation with pertinent molecular pa-

quenching process. This is suggested first by the sizes perature ro values. f governed by attractive interac-

of quenching cross sections vo, which are typically as

large as gas kinetic values. More detailed theoretical tions, ao should decrease with increasing temperature;
form further support. Parmenter and co- this is so basically because the A*-M complex can more

workers' considered an A*-M intermediate collision rapidly dissociate to the original A* and M before re-

pair in equilibrium with the separated species. A cal- maining captured long enough to deexcite the A*.

culation of its concentration from partition functions led The results show ao values mostly lower than those
to a linear relationship between In o0 and a0WkT, where at 300 K (where comparisons exist) and a general order-

,. ".- ~At is the depth of the attractive well in the A*-M in- ing with type of M indicating the role of attractive forces
" 'Jill teraction. Taking ia, - V'-1i for a given excited spe- in many cases (though the aQ's for Nt and SF, are con-

cies A* furnished a correlation of ao for a series of col- spiciously small). In order to examine the results more
lislon partners. This was successful for a number of quantitatively, we have reformulated the approach taken
different excited species and collisional processes. by Lee and coworkers. Instead of summing analytically
Lee and co-workers2 have examined their S02 quenching obtained cross sections for each segment of the poten-

,., data for a large series of M using a ao calculated as the tial independently, we numerically calculate the single
. sum of cross sections for a series of attractive multi- full potential and a resulting ao as a function of energy,

pole interactions-dipole-dipole, dipole-quadrupole, which is then thermally averaged. A reasonable corre-
dispersion, etc. -and a repulsive centrifugal barrier. lation between experiment and calculation is obtained

. Multipole moments were taken from the literature or for 8 of the 11 M investigated.
estimated. Very good agreement between experimental,," ' nd clcuate vales as ahieed•In addition to some insight into fundamental charac-
a clldaew aieteristics of energy exchange, the present results furnish

SIn the case of the A2  state of the OH molecule, the some applications to the areas of LIF diagnostics of the

size of previously measured room temperature aQ val- important OH radical. These fields are atmospheric
ues also suggests the role of attractive forces in quench- monitoring and, especially, combustion, where the OH
Ig i. Several aspects of vibrational energy transfer (v' exists at elevated temperatures and in a complex colli-
= -0 and V'= 2- 1, 0) in this state, for the collision sional environment. S Values of ao are needed to relate
partners H2, D2, and Ns, are also strongly Indicative of the observed LIF signal to the desired ground-state OH
attractive interactions. concentration, i.e., to obtain the fluorescence quantum

'.., yield. Generally, quenching rate constants kQ in flames
We have performed measurements of ao for the v'=0 have been taken simply as proportional to T412 through

9 level of At*" OH for a series of 11 collision partners at the relationship ito = rey, where F is the mean velocity
elevated temperatures. The measurements were made and iy is assumed to be constant with temperature. The
inalaser pyrolysis/laser fluorescence (LPi LF) sys- decreise in eY at elevated temperatures found here, as
tern, 4 in which a CO, laser pulse absorbed by SF6 rapidly well as the correlation with collision partner M., have
heats a sample containing H2 %O and the chosen M. The important implications for LIF diagnostics experiments.

.4. J. Chem. Phys. 7914). 15 Aug. 1983 0021-9606/83/161795.13502.10 1 1983 American Institute of Phvsics 1795
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Boxcarll

SF6  I R Absorber aparuz.

H2 02  RadicaI Source
CO 2 Gases:

II. LASER PYROLYSIS/LASER FLUORESCENCE 1400 to 1200 K in a typical ezp~eriment). The tempera-
ure s controlled by the COl Slaser fluence and S, pres-

A. Omeriptiofi mire. Care must be taken, however, to avoid an opti-
The LP/LF method Fas been described In R .i cl thick cellthat may produce xa tenperatrt i-

Those aspects of the technique relevant to the present homogefneit~ies.
quenchng measurements are discussed here. At a fixed time delay following the CO. laser pulse, a

The LP/LF method involves irradiating a gas mixture Pulsed dye laser, tuned to an absorption line of -ne OH
coa ining[ an nfraed absorber (SF,), ra4dcal precursor A 2 Z,*-X'TI, 0, 01 transitIon. is fired. The amount of

*(HO/H 2O), and some quenching molecule (M) with a detected fluorescence is proportonal to the number en-
Pulsed (- 1 Mes) CO. aser. The SFe absorbs the infrared sity of OH in the absorbing roational level. The rcta-lsero radiatiUon. Colisions during and shortly after the tional temperature is deduced by measuring he reanie

CO. laser ulse transfer this energ y to the surrounding population distribution of several rotational levels of
gas, and thermal decomposition of the H.O. to OH be-
ginl. Experiments described later illustrate that for A wide range st temperatures is accessible with LP
our conditiOns complete thermalizaton occurs within a LF. We have observed OH fluorescence for post-ex-
few mcrosecond. The heated cycsndrical voLume, panson temperatures as low as vi0 K and as h oih as
now at a hgher pressure, will expand and cool. A 1500 K. Measurements at lower temperatures are if-
compressio wave travels outward through the cool sur- ficult to attain since not enough OH is produced by H101

rounding gasrsligt heating and compressing it. Si- decomposition to yield a measurable s0nal. Hiuer
multaeously, an expansion wave propagates first in- temperatures are possible by :ncreastin 'he Co rnser
ward to the center and then outward again, producing a fluence or adding more SFr, althou(o, he aoter efo
twostae coolng of the initially heated region. At this s limited since increased absorption s offset b an
point the expansion of the heated region ceases, the increased totl th apaitg rot er kinetic and tera-
temperature and density remin constant, and the pres- perature limiting complication occurs at he higer er-
sure across thetr ae between hot and cool regions peratures d itriu t70 , when hermal lecompos -
Is equal (at roughly the initial value). A further slow ion of the H2FO begins. Complete s r Secompostion -c-
cooling due to thermal conductivity occurs, but it is curs for intial temperatures above sil00 K SiF, s t
rll on the <100 me time scales of these experiments, a suitable su bser aed sorer n ese eer,-
t Is this steady temperature and density region which ments due to SiF, h asdrolsis 50t wilK ane place ,as
Is suitable for bimolecuiar quenching or reaction mea- the HK.2 eand water present.

surements.
Thermal decomposition of Hw has a hgh activation . Expetimente details

enrhy and thus OH will only e produced during the The apparatus s lrustFate o un F e :t -nesns
initial hottest period, before the expansion coolang from a 10 cm inr ameter cncrty i knoterni as :e :dter-

r. Chem. den. Vo,. 79. No. 4t hS aulut c93
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with KCI windows for transmission of the infrared radi- - 1000 K. At the same time the compression wave trav-
ation, and perpendicular suprasil windows for trans- els outward at roughly Mach 1. 6. Since the speed of
mission of the dye laser radiation and ultraviolet fluo- sound is faster in the heated region, the expansion wave,
rescence. Gas flows through the cell were regulated by after reflecting at the center of the cell, will eventually
Matheson flow meters and measured with Hastings mass nearly catch up with the compression wave. For the
flow meters. In all of the decay measurements except conditions mentioned this will occur after -25 As, in
those with added Na, SF, made up the largest percentage the large volume beyond the heated region. By this time
of gas flowing through the cell (.Z 90%). For the decay the pressures on either side of the heated boundary have
measurements with N2, SF6 was only - 50% at the higher equalized and the expansion is completed.
N2 pressures used. Before entering the cell the gases The symmetry in our experiment is cylindrical. dic-
flowed through a bubbler containing a solution of - 80% tated by the apertured CO 2 laser beam shape, and a full
H2%2 in H20 at 0 'C. This produced a vapor phase of quantitative description of the heating/cooling process
approximately 1/3 H202 and 2/3 HzO, which were present and pressure waves must incorporate this geometry.
as background quenchers in all of the experiments. All To help us understand the dynamics that are occuring in
quenching gases but water were directly added through the cell we have made use of the PUFF code available
flowmeters; for the water quenching measurements, a at SRI.6 This is a general program for the calculation
separate flow of H2 0 vapor entraine-. in SF6 was used. of stress waves for a variety of media, geometries, and

The TEA COg laser (Lumonics K-921 with curved 5 m initiation mechanisms. The code results are used to
radius rear reflector and 50% reflecting output coupler) determine the density after the expansion has occured.
used to heat the gas mixture provides a fluence of 1 J In the earlier study, We measured time histories ofcm2 in ule of - I sdrain at 0.6 iim, every 1. 6

n pulses o-I s rotational temperatures and total OH fluorescence sig-
s. The beam is apertured; its central 1.0 cm diameter nals at various points in the cell, so as to verify the be-
area passes through the cell along a 1.0 cm path length havior predicted by the PUFF code. In those experi-
and is reflected back through nearly the same volume to ments, however, the OH signals were integrated over. ~~~~insure uniform heating along the axis. This permits up mrthwvr h Hsgaswr nertdoe

Insureo unfor heatin aloenrgy te as srmwits u decay time; they thus reflected simultaneous changes in
to 50% of the C02 laser energy to be absorbed while bohOdeitantequcigrtewchcurd."-"minmizng tmpeatue lhomuenetie assciaed ith both OH density and the quenching rate which occurred
minimizing temperature inhomogeneitles associated with"-" "an a result of the gas dynamic processes. Here the OH
optical thickness. The resulting spread in temperature as sul of teasudaic proses cHr teO

acros theLIT signal was measured with a narrow boxcar gate,'*-.. across the probed volume is :5 30 K, less than the error
in the measured temperature. set shortly after the dye laser pulse before quenching

appreciably reduces the signal. That is, we measured

The frequency doubled output of a Quantel 10 Hz -,,'e'
Nd: YAG pumped dye laser generates 8 ns ultraviolet f Ndt= f N. exp[- t/(A + Q)]dt,
pulses of -1 mJ in energy with a 0.2 cm-1 bandwidth, ii

and Is used to excite various rotational lines of the 0-0 where N0 is the Initial excited state number density, and
band of the OH A-X transition at -308 nm. The UV A and Q are the Einstein emission coefficient and quench
beam diameter, and thus the spatial resolution, was 2 rate, respectively. For t, near zero and ta - tj <<(A
mm. Fluorescence along a 2 mm path of the dye laser + Q)'1, the signal yields No which is in turn proportional
beam was focused (1: 1) through a monochromator (set to the ground state OH number density.
at A =309 nm, AX,=2 nm) onto a photomultiplier tube
(EMI 9558QA). Both the dye and CO2 laser power levels Figure 2 shows a plot of this signal as a function of
were monitored and recorded continually on a strip chart the time delay between the two lasers. The position of
recorder. For the quenching measurements, the time the dye laser beam is the center of the heated volume,
delay between the CO2 laser and dye laser was set at where according to the code, the most extreme varia-
32 As. tions of density occur. The gas mixture is 25% SF, in

N2, at a total pressure of 50 Torr. Here, tt = 20 ns,
The output of the PMT was processed by a boxcar in- n s, a n ( tQta p 253 ne. An excit2ti ns

togmortrigere atthe epeitio rae o theC02la- t, = 30 no, and (A +.Q)- > 253 n. An excitation spectrum
-SD ~~~tegrator, triggered at the repetition rate of the CO2 la- gvsa ntamxmmtmeaue(t1 sdly

ser, to record excitation scans for the temperature de- of 1375 s 50 K.

terminations. The fluorescence decay traces were dis-

played in real time on an oscilloscope. Scope photo- The rise in the fluorescence signal reflects the pro-
graphs were manually digitized with a Houston Instru- duction of OH from the thermal decomposition of H202.

ments "HI PAD" interfaced to a PDP-11/40 computer. The rise is linear with a short, 2 As induction time.
Thus the rate constant for the decomposition H2O2 + M

C. Diagnostics - 2OH + M does not vary with time. This indicates in
SOnce t hturn that the temperature is constant during this period,

Once the gas has been heated, a series of gas dynamic I.e., the energy transfer is fast. We are thus assured
processes begin. We have carried out both experimental that thermalization has occured at the longer delay times
and computational studies to characterize the spatial and at which the bimolecular quenching measurements were

p temporal behavior of the temperature and density in the made.
cell. For a typical condition of 3: 1 N2 and SF, heated
initially to 1300 K, calculations indicate the center of These results indicate also that thermalization is
the cell stays at 1300 K for - 10 As, at which point the rapid in an alternate version of the laser pyrolysis meth-
expansion wave (Mach 1.0) drops the temperature to od used for unimolecular reaction rate measurements. 7

J. Chem. Phys., Vol. 79, No. 4, 15 August 1983

S W, W q.



.7.1798 Fairchild, Smith, and Crosbey: collisional quenching of A 2'- OH

position above the liquid solution. Thus extrapolations
of measured fluorescence decays to zero pressure of
added gas do not correspond to the true zero pressure
lifetime and must be measured for each series of ex-4. periments. The measured decays can be related to the
concentration of the various gases present by the fol.-
lowing equation:

- sy = b (SF,] +ks, [BACKGROUND] -k[M1 (1)
r~ TO

Typical dec-Ay traces are shown in Fig. 3(a) for pure
SF, plus H,0/H20, background and SF, + N2 plus the back-
ground. Figure 3(b) shows the corresponding log. plots.
Note the faster quenching by nitrogen. Decays were re-

I corded over at least two lifetimes, starting after -50
I as to eliminate any complication due to scattered laser
_______________________________ light.

30Go9 Temperatures were determined from OH rotational
TIME (0*5I populations, measured by laser excitation scans over

FM. L. Narrow gate expertment measuring the density of 014I the P25, P16, Qgl1, Q,12, and Q113 lines in the (0, 0)
as a function of urn. after the cot beating pulse, at the center A-X system of OH, for each quenching measurement.
of the pyrolysis coll. Points: Experimentail results. Solid From the precision of these data we estimate that the
Wisc. Predictions from computer calculatlon. Dashed line: error in a given temperature determination is * 50 K,
Pyvolysis raue of HA at the Initial temperature. in accord with the scatter in the previously determined

temperature histories.'4 The measured temperature is
then used in conjunction with the computer code to ob-

Acatd bythetempratue dpendnce tain the post-expansion gas density at the position and
As was already indiae ytetmeauedpnec timxe of the quenching measurement. That is, p0 .P/RT

of cmpeingreatios i thse xpeimetswhere, for example, the code predicts P -1. 13P* for

The solid Une in Fig. 2 shows the density profile pre- the pure SF, and P *1. 01P0 for the SIN& mixture of
dicted by the code at the center of the cell. The results
follow the decline and predict the final value (> 50 Mis)

* quite well. An oscillation due to overcooling at 20-40
jis is also seen, although the measured drop is not as
great as that computed by the code. Part of the dis-
crepancy is because the experiment averages over the

% central 20'% of the cell. This oscillatory effect is most
severe at the center of the cell, where the role of acous-
tic waves tend to be amplified. Thus, once the main
expansion wave has proceeded outward into the cold gas,
a continued series of weakt waves can continue to per-
turb the density at the center of the Cell.' 4

P % ~~Halfway between the cell center and the expanded edgeT I10K
of the heated region, the code predicts an absence of
such density oscillations and fluctuations, and no initial ~4.
overcooling. The previous LZ measurements" confirm 74PSS 43 to

Z P.this behavior. This is the position used for the quench- WA
ing measurements. 0.10

fit. EXPERIMENTAL RESULTS

A. Dmsy ad densty meesurements U S41. r

Both H,0 and H20, are present in small amounts as % 4124 a
background quenchers during all decay measurements, 00 1;
and the coacentrAtion and composition of the H1 0/Hti, !00 32 540 70o ;90 7.10

'pmixture varied from day to day. This can be attributed FLUORESCENCE DECAY Insec)
the crirgas picks up differing amounts of the H20/ .3. OclooptresfOHloeceedca

H202vapr. I aditin, cangng fow ondtion ofthe at 1100 K in pure SF, (left, two traces) and N2-SF4 mixtureroom temperature carrier gas may alter the tempera- fright); 200 no per markced interval. (BottamJ: Logarthmicture of the HIO/H,O, sample slightly from 0 *C thereby plots of those decays, living lietimes of 395 and 200 ns. ind
.P changing both the vapor pressure and the vapor com- a N, quenching ruec constant of 1.3 x 10041 c s",
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'4.

Fig. 3; here P 0 is the initial pressure of cold gas. 7.0

Recent flow system measurements at room tempera-
lure$ indicated a variation of ao with rotational level N 6.0
in v' = 0. The differences were most pronounced for N.

- as a collision partner, decreasing more than a factor of S.0

• • 2 between V' = 0 and 3. We measured ao for each of the
five excited levels (N' =4, 5, 11, 12, and 13) with Nz as 4.0
a collision partner. No variation (< 10%) was observed

in this series of runs. Fluorescence scans at moderate
resolution indicate that the excited state rotational dis- 3.0

tribution of the fluorescence was independent of the level
initially excited. This is presumably due to a rapid SF. 2.0

rotational energy transfer rate. Thus these measure-
.-",,ments reflect ao for a 1200 K Boltzmann distribution in 1.0

the excited state. For all the reported quenching mea-
surements the P 16 excitation line was used, pumping 0
F,(5) for v' =0 in A'*. 0 1.0 2.0 3.0

B. Presure depedence PH2 (to")

Som a dFIG. 5. Decay rate of OH fluorescence, minus contributions
Somewhat different procedures were necessary to ob- from SF, quenching and radiative decay, vs pressure of added

? "- tain values of vo for SF5, H2O, and N2 in contrast to the H20. Squares, 1220 K in 26 Torr SF4 . Circles, 1140 K in 37
other collision partners. Both SF, and HO/H2O2 from Torr SF,. Triangles, 1430 K in 40 Torr SFS. Diamonds,
the bubbler contribute to the quenching in each measure- 1000 K in 16 Torr SF,.
ment. The SF, rate is very low, and small amounts of

E12%, with a large quench rate, tend to dominate the
quenching in SF runs. Furthermore, simply varying
the SFg pressure alters the temperature and density in rate through the bubbler remained constant to ensure

the heated system and provides an inadequate solution that the vapor pressure of the H20, that was picked up

to the problem. Similarly a water quench rate cannot in the wet SF, flow was the same. By varying the frac-

be determined accurately from such data because the tion through the bubbler and extrapolating to 0% wet SF6

exact partial pressure picked up from the bubbler is un- a "pure" SF6 decay rate can be determined. Figure 4

certain. N, must be treated differently from the other is a decay rate plot as a function of percentage of bub-

gases because Its slow rate requires replacement of bier (wet) SF, for two peroxide bath temperatures.

the SF, by a significant fraction of it. Lowering the bath temperature reduced the amount of
H2% present in the vapor, but also reduced the amount

The SF, measurements are illustrated in Fig. 4. of HtOz, OH, and thus signal level. A least squares fit
They were obtained by constructing a dual inlet line, so of the more precise first data set gives a k, = 1. 7 x 10-12
as to vary the fraction of SF, which passes through the cm 3 s'l molecule " at 1125 K. A large statistical uncer-
bubbler and the fraction which bypasses it. The flow tainty of - 25% in the fit is attributable to the low value

of this rate constant compounded by the background
problem. The lower temperature data set was not used

%,-.. quantitatively but the values are consistent with expec-

tations.

For the water quenching measurements, a separate
"'.0 flow of 3% H2O in SF, (from a 151 bulb containing 1 atm

7 0SF, saturated with water vapor) was added to the cell,
' bypassing the bubbler in a manner similar to the above

SF, measurement. Figure 5 is a plot of decay rate as
2.0 a function of added water pressure. The derived rate

constant of 4 x 10-10 cm3 s" molecule" assumes the added
cell water pressure proportionately reflects the storage
bulb condition. Possible water adsorption in the gas

S0 t0 lines could mean that the true ke is in fact higher, al-
0 20 40 60 80 100 though the gas flow was permitted to equilibrate before

%SF, THROUGH BUBLER measurements were made. Note the different intercepts
-FM. 4for different runs, indicative of the experimental prob-FIG. 4. Plot of OH fluorescence decay rate as a function o! 1em of variation in bubbler H2O. background concentra-
the percentage of SF, flowing through the H20 bubbler. Cir-

,.,...._tions. A separate water quenching determination was
cles, 1130 K, 38. 5 Torr. SF triangles 1340 K. 58. 5 Torr SF, ma se bw queching a was

. -, colder H.O, bath temperature. Lines are least squares fits. made by measuring a decay in a SF2 )1 H/O mixture
Error bars Indicate decay trace standard deviations for these under very slowly flowing conditions where the vapor

• runs. should be nearly saturated. A determination of H2O,

AlJ. Chem. Phys., Vol. 79, No. 4, 15 August 1983
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1800 Fairchild, Smith, and Crosloy: Collisional quenching of A IZT OH

concentration was made by independently measuring the 6.0
vapor pressure at the ice bath and trap temperature.
This single measurement yields a higher bo - 7. 5 10'* 5.0
cm2 s"3, assuming that the vapor is saturated at 0. 6 Torr
and that HIes has ,a ke equal to that of He. 4.0

Experiments for ocher game were carried out by first 0
recording the fluorescence decay due to sY6 and Ht06
background, and then recording the decay in the presence
of varying fractious of quenching ga. All gas mixtures 2.
for these experiments passed through the bubbler, and,
except for Nz, the amount of added gas was a small
traction of the total flow. A plot for runs on two sepa. .0

rate days for CO, is shown in Fig. 6; k9 values are ob-
tamed from an application of Eq. (1) plotting r" vs (MI. 0
In each case it was necessary to measure the intercept 0 20 40 60 0

(zero added gas pressure) separately due to the varia- %4 (torn

tic. in background quenching, which is evident in Fig.
6. Occasionally, and unpredictably, the background FIG. 7. Decay rate of OH fluorescence, minus conrtbutions
qab gfrom radiative decay and SF, quencing. vs pressures of added; que nching w a fou nd to b e very hig , as In the run N . T i n l s 1 3 . 4 a r t t l p e s r . C r l s 1 1
shown by the dashed line in Fig. 6. This led to short N2. TriangleS 1030 K. 40 Torr totl pressure. Circles 1110 K
and thus poorly determined lifetimes, data sets with high 43 Tarr total pressure. Square 1200 I. with a constant SF,

pressure of 20 Tarr.
intercepts were discarded.

Figure 7 Is a plot of decay rate vs nitrogen partial
pressure. Because of its slow quench rate, significant two adjustments necessary. First, the laser fluence
fractions of nitragen were required In order to signifi- had to be readjusted, and excitation scans repeated, to
cantLy decrease the observed fluorescence decay life, attain the same temperature, Second, a full analysis
time. This replacement of 50%-80% of the We made of the data in Fig. 7 using Eq. (1) is needed to account

for the significant variation in quenching due to SF4 as
Its fraction is varied. The resulting rate constant is

0. Ox 0-1O cm3 s-1 molecul
a ,.

J, O Measurements were made at a variety of tempera-

9.0 -/ tres. N, in particular was studied extensively, with a
a. -series of measurements over the range 900-1400 K.

6.0 / No temperature variation in ke was observed beyond the
precision in the data. ; increases only 25% over this

.0 J temperature range so even a small decrease in ao would
7.0 -/ mask a noticeable change with temperature in the mea-

•. sured bO.

The full set of results, including temperature, k.,
and vo values, Is given in Table I. Because of the lack

T S.0 of an observable temperature dependence, we have av-

eraged the ao values regardless of temperature for later

4.0 comparison with room temperature and with theoretical
values.

U 3.0 C. Source of error

2.0 Three general sources of error merit some discussion
and estimation: Statistical, bystematic, and the back-

1.0 ground H20, quenching problem. For errors in the ran-
dom category, there Is typically 5% scatter among the

lifetimes from the three or more decay traces taken for
0 each set of experimental conditions. Similarly, the0 2.0 4. o .0

temperature can be determined to within 50 K by the
Pco (toTr)  laser fluorescence excitation scans, introducing 411 un-

certainty in k via the density calculation (0 x 1, T). CO.
FIG. 6. Decay rae of OH fluorescence, minus contributions laser intensity variation during a given run s monitored
from SF, quenching and radiative decay, vs CO pressure of
added CO1. Circles 1240 K. 40 Tort total pressure. Trtaagles and held to typically 3%, which generates small temper-
1000 K. 40 Torr total pressure. Squares 1250 K. 40 Torr total ature fluctuations that ultimately show ip as error in
Pressure, tllustratinq a run with unacceptably high background the density calculation. Finally, total pressure and
quenching, mass flowmeter readings are estimated to contribute

J. Chem. Phys,. Vol. 79, 4o. 4. 15 AuguSt 1983
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N..
TABLE I. Experimental and calculated cross sections. gas, and the bulk of SF, quenching remains a constant

" factor, effectively included in the measured value of the
Gas TOK) aO a a-* a. intercept.

N2  1110 1.3 0.89 0.68 0.16 49 We noted earlier the experimental difficulty in keeping
1030 1.0 0.72
1200 0.82 0.53 the H2O4 quenching constant over long periods of time
1040 0. 85 0.59 and the necessity of measuring the intercept lifetime with

no added quench gas. For a typical run (a series of life-SF, 1130 0.17 0.14 0.14 57t
S 6  10 001times at different pressures), a maximum possible 50
Co 1270 31 20 20 57 ns error in r7 would produce up to a 20% error in ko .
CO. 1200 21 15 13±3 65 Most runs, particularly for those with little H20,, show

1140 19 14 less scatter. The k0 values are obtained from a least1250 14 9.5 squares analysis of the quenching plot, further reducing

H20 1220 39 23 26 *3 89 this error contribution.
1140 47 28 By combining all of these possible error sources as
1430 44 23
1000 47 30 the square root of the sum of the squares of the above

(1160)d (75) (44) percentages, we derive an approximate uncertainty of
25% in the final rate constant values. Those gases

CH4  1440 44 23 155 where many measurements were made generally show

1260 21 12 -20% average deviations, again giving an error estimate
1130 21 12 of 25% after also including the density uncertainty. The

reactive gases are generally harder to measure and
NH3  1470 62 32 39k7 85 more scatter in the data exists due to the lower overall

1250 79 OH concentration. The low SF, and Ns values are also

02 1160 11 7 11 :3 41 less precise, due to the significance of k0 in all SF,
1460 22 13 measurements and the contribution of the kQ7o uncertain-.'" '.,1090 17 12
1090"17'12ty to the 0*o calculation. Estimates are 40% and 30%,

H2 1320 48 12 10:3 36 respectively. Finally, the H,O rate constant is subject
1330 23 1 to additional uncertainty, since its derivation rests on
13202..6assumptions that the cell water vapor concentration (or

NO 1110 42 28 26±4 53 water plus peroxide) reached the values of the bulb or
1320 45 28 bubbler. Some problems of surface absorption and
1320 35 22 equilibration are evident in the scatter of the data, and

NZO 1390 47 30 30 65 particularly the background intercept values. The re-
* -, -l cm"s- ported ko probably represents a lower limit, and more

-Units: 10. work is needed to produce a quenching rate constant

* At 1100 K using multipole approach. see the text. wti 0 cuay
dStngle run with measured vapor pressure; see the text. Not

included in average. IV. COMPARISONS AND CORRELATIONS

A. Comparison with other measurements

Only a few high temperature OH quenching cross sec-
another 5% uncertainty. tions are available, consisting of values deduced from

flame measurements in a complex collisional environ-
A more systematic error can be introduced through ment. Hooymayers and Alkemadeo give approximate

the dependence of the derived quenching rate constants values (in units of 10 " 1 cm 3 s"1 molecule, corrected to
on the density values calculated by the computer code.
Experience with the codeA suggests a 5% possible mnac- HO , n ,rsetvla 5010 .Te0"-_ H.O, N.., and OL respectively, at 1500-1800 K. The 02
curacy in this value. Furthermore, the calculations and HO values are -60% higher than our values. Their
indicate that up to 12% variations in the density occur at n value w e i0 ti ger than our e -
time an-oitoscos otos.hse-o.heema N, value, however, is 20 times larger than our mea-
.times and positions close to those chosen for these iea- sured rate and also exceeds any reasonable extrapola-

surements. Any spatial or temporal drift, misalign- tions from 300 K determinations. Carrington ° has also
ment, or computational inaccuracy could thus introduce d d q hs from masrent s ilo

a comparable error in a rate constant. We have, how- deduced some quench rates from measurements in low
ev.measured OH decay times, in a I - SFN mix- pressure CIH2/O flames over a wide (850-1500 K) tem-
ever, perature range. His values (corrected for rT =0.69 As)
ture at 1040 K, at various delays from 30-100 ts, and for H20, C02, and CO are 51, 20, and 9 x 10'11 cm s
found no significant differences, to within 10%. This
ind s te dmolecule-' which agree well with our direct measure-,.,, indicates the density fluctuations are probably belowmetexptfrC.Rcnl, oly"ase-
this 12% levelts except for CO. Recently, Morley has mea-

Sthi 12sured relative OH quench rates in a 2000-2400 K flame
Finally, the uncertainty of the measured value of the for H2O, H2 , and CO of 1.0: 0.32 ± 10:1.3± 0.2. ThisK SFG quench rate enters the calculation of kQ, but is only compares with our values of 1. 0: 0.38: 0.76. One pos-

significant for N2 since such a large fraction of N, is sible reason for the discrepancy in the CO results may
used. For other gases little SF, is replaced by added be the neglect of CO2 quenching in analyzing the flame

J. Chem. Phys., Vol. 79, No. 4, 15 August 1983
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1102 Fairchild, Smith, and Croslly: Collisional quenching of A 21* OH

TABLE M. Room temnerature quenching measurements.'

Reference a b c d a f 9 i I
4,b~ 4.4 4.6 2.7 ?.5 1.8 1.8 .8 2.'

a 5.7 5.8 3.8 3.5 2.3 2.3 3.6 3.2

COb 33 56
a 43 72

cot 14
a 20

Hi ki 50 56 39 37 54
a 6 66 45 43 63

,? k 8.1 9.1 10.4
a 10.7 12.3 13.8

H2 k 6.6 8.4 9.0 12 14 18
a 3.5 4.5 4.8 7.0 7.3 9.6

0 k 4.4 11
2.8 7.4

.M. Kaneko, Y. .ori, and L Tanaka, J. Chem. Phys. 48, 4468 (1968).
4L H. Bocker, D. Haaks, ad T. Tatarczyk, Chen. PhyS. Lett. 2, 564 (1974).
OR. K. Leagel and D. R. Crostby, Cham. Pbys. Le. 32, 261 (197S); J. Chem. Phys. 66, 5309 (1978).
OK. R. Germn, J. Chem. Phys. 54, 4068 (1916).
OP. 1ogam and D. 0. Davis, J. Chem. Phys. 68. 4574 (1975). 64, 3901 (1976).
tM. A. A. Clym and S. Down. J. Chem. So. Faraday Trans. 2 70, 263 (1974).
4Z. Eder. D. FIeld. R. Zel~ner, ad L W. 3. Smith, Der. Buaseugee. Phys. Chem. Q, 22 (19M7).
hP. X Seizer and C. C. Wang, J. Chem. Phys. 71, 37M (1979).
-. A. A. Clye and P. . Holt, J. Chem. Soc. Faraday Trans. 2 75, 569 (19791.
'. 5. KXeermid and J. B. Laudenalaegr, J. Chem. Pys. 76, 1824 (1982).
1Untm ko, le, cms e, 'o. 12. AUl valus corred s to T0.69 of.
1k and a were found to vary with N'. Values given ae fr N '=3.

data. A value for CO quenching larger than thMt for shows a ko (H20) linearly proportional to T over the
Ht0 sems unlikely, given both the 300 K results and range 300-600 K. Both the magnitude ((o = 110 A' at
(see below) the stronger attractive forces for Hg0 as a 600 K) and the variation with temperature are in con-
collision putner. tradiction with our results and our concept of attractive

Table 11 Lists for comparison the present results and interactions as responsible, although we can offer no

a selected set of ao values for the six Collision partners explanation for the discrepancy

which have also been studied at room temperpture.
There have been many determinations, with a large S. Well depth correlation
spread, for H,, Na, and H,0 in general. the values are Several attempts have been made to theoretically
chosen primarily from recent LUZ experiments if avail- characterize the collision-induced electronic quenching
able. It is seen that for all cases save Hg there is a that occurs in small molecules. The goal has been to
decline in at between 300 and 1100 K. This is expected correlate the observed cg's with certain molecular pa-
if attractive forces are responsible for the quenching rameters, so as to obtain insight into the quenching pro-

,; collsions.c o cess and ultimately yield predictive capabilities. Earlier
The very low values of ao which we obtain for N2 and approaches 1'- 18 considered the interaction to be due to

SF, at elevated temperatures are, however very Sur. dispersion forces. Although they contribute. they are
4' prising. We shall see below that the experimental re- not the dominant forces in the case of A 1V OH and the
- sults are much smaller than expected from a model in- collision partners measured here. This we conclude

volving attactive ntetractious. However, if quenching from unsuccessful attempts at correlation of our o
by N, is due only to the repulsive part of the potential, with the pertinent parameters involving polarizability,
the large decrease in i0 should not occur. Although SF, ionization potential, and gas kinetic radius. 14-16
has not been studied at room temperature, one would A more successful approach involving a single me-
not expect it to behave much differently from CF,. Yet Lecular parameter was developed by Parmenter and co-
470 for the latter has been measured s as 16 A' at 300 K wers, pao appli ed it to anumb r n ro-
in contrast to aq (87,, 1100 K) which Is less than 1% of workers,' who mppied it to onumber ofacollision pro-
this value. ceses. This model assumes that only attractive forces

are responsible for the quenching and considers an A'-
A measurement of OH quenching by HtO has been N1 intermediate collision pair to be in equilibrium with

madei1 from the temperature dependence of the lumi- the separated species. The rA-M I concentration and
nascence following photodissoclation of H20 vapor. It resulting 70 are then calculated from partition func.

J. Chen. Phys.. Vol. 79, 4o. 4, 15 August 1983



Fairchild, Smith, and Crosley: Collisional quenching of A 2 ,* OH 1803

tions. Although derived differently in Ref. 1, this can 6

be considered as an application of transition state theo-
ry to the quenching problem. The energy of the com-
plex compared to the separated A* and M is taken as a 4

Lennard-Jones type potential well depth, AeW. This 0
leads to the relationship - A

In o - In C +- (2) 2kT.
where C is a constant. Because the well depth for A*
and M Is unknown, the reasonable approximation 0

, , (tAN =4 '(** (,-

was made. Then, with i= E1'i"./kT7,

ln O4 inC .I (M,71 (3) o

furnishes a correlation between the cro for a given A* -
and the well depths for the ground state M-M interac- 2
tions. The tug were obtained' from a variety of meth-
ods, including for many species a correlation with boil-
ing point. From the slope of a plot of In 0.vsV'MiWT
one should obtain seas which could then be used to pre-
dict oo values at other temperatures.

Parmenter and co-workers' found that Eq. (3) de- - 1 1 1

scribed well a large number of excited state collision -2 10 1 20
processes where large overall cross sections indicated
a priori the importance of attractive forces. An at-
tempt was made by them to describe the temperature FKt. 8. Plots of lno vs (/0)1/2 for various gases. (Top)
dependence of glyoxal quenching using the 0 from a room Values at 300 K. Circles, selected from results from Table U.
temperature plot corresponding to Eq. (3); it was found Triangles, halocarbon quenchers measured by Clyne and Holt
that the decrease with T in the expF mental o' values (Ref. 12). Lime is a fit to the results. (Bottom) Present ex-
was less than predicted. perimenial values at high temperature. Line is predicted cross

sections using the 300 K values. Note that the slope Is rea-
A plot of the room temperature OH quenching cross sonable although the predicted q0 are uniformly low.

section values vs 4iNJi is shown in Fig. 8(a). The aQ
-. , are those from Table U plus 11 of the extensive series

of halocarbons measured by Clyne and Holt" for which
tum are available. A reasonable correlation is achieved, The long range part of the interaction between A* and
with a slope 3 = 0.19 and an intercept InC = 0.6. Figure M is composed of a sum of attractive multipole interac-

0"8(b) plots the measured here at - 1100 K vs tions (dipole-dipole, dipole-quadrupole, dipole-induced-
. The correlation (ignoring the Ng and SF, values) does dipole, and dispersion) and a repulsive centrifugal bar-

not appear as clearly as for the room temperature re- rier. This last term is LV/2Mr' = (gvb)1/2Mr2 = Eb'/r';
sults although it must be borne in mind that a slope L is the angular momentum involved in the collision at

smaller by 3/11 Is expected at the higher temperature, kinetic energy £ and with impact parameter b. Thus,
The line is the predicted aQ using 0(1100 K) and lnC de- the effective potential V(r) is
rived from the 300 K plot; the slope is reasonable al-
though the predicted cross sections are uniformly low. - C - C

7 - r

C. Multipolo attractive forces correlation This potential for OH-H2O collisions at E z 1100 K = 2. 18

This approach too rests on the concept of a collision kcal/mol and several impact parameters is illustrated
complex held together by attractive forces, although the in Fig. 9. For each E and b, there is a maximum value
physical model for the complex formation is rather dif- in the potential at the separation ro; both r0 and V(ro)
ferent than in the correlation with M-M well depth. depend on both E and b (i.e., Z and L).
Suggested earlier, 16 It was applied by Lee and co-work- In a collision at a particular energy E, there then
era' to quenching of SO, using a simplified procedure exists some impact parameter be where the maximum
of adding analytically derived cross sections for each in the effective potential is just equal to E. For b< b0,
attractive component of the potential taken separately. the barrier will be lower and the collision pair can form
We have chosen to construct the single potential with a complex which is bound, at least briefly, within the
all the attractive interactions taken together, and com- barrier. For b> b0 , the barrier is higher than E, and

. pute the cross section numerically. We describe here the pair cannot surmount it, so as to come closer than
the physical picture in some detail, followed by a com- r0 and form a complex. This impact parameter be(E)
parison with the present ag values, is thus the maximum separation for which a complex

J. Chem. Phys., Vol. 79. No. 4, 15 August 1983
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8 repeated for increased E, and the resuLting set of bo
is then numerically integrated to obtain ea ().

This approach contrasts with that used previously
for SO. There, the approximation was made of a
separate vQ calculated for each component of the inter-

E action, with the total o taken as the sum of those cross
sections. Actually, there Is only one potential, rather

U 0than a sum of various r" potentials acting independently.

b7.3 A Unleon one multipole interaction strongly dominates,
this sum of cross sections from each component can be
much larger than that calculated numerically from the

4.3 single potential. In the case of S02, excellent agree-
met was achieved between the calculated and experi-
mental values. For OH, the various interactions are

3 S 7 9 1 often of comparable magnitude, necessitating the nu-
(A) merical computation we have used.

FIG. 9. The long range part of the effective potential (Eq. (3l The C, coefficients may be expressed in terms of the
for OH (A 1Z') colliding with 5:0 at a colltsion energ of 1100 K dipole and quadrupole moments, polai-ability and ion-
-2.18 ked (sbown oa right). Curves are for succesively larger ization potential of excited OH and the collision partner,
values of mimp" parameter b as indicated, the pertinent expressions are listed in Table ME. The

dipole moment for A'"Z OH has been measured; the

quadrupole moment is taken as the same as for the

can form at the collision eergy 5, and the cross sec- ground state and the polarizability is estimated by that
tin for complex formation at this energy can be written of X'Z' HF. These necessary approximations are rea-
as sonable; note that the same values are used for each

collision partner. The molecular parameters used in
e,n) -vbk(z). (4) the calculations are collected in Table IV. There exists

The cros section for quenching is that for complex for- an orientation dependence for some of the attractive
mation times a probability P that quenching will occur terms; in each case the interaction is calculated at the
during the residence time of the complex. We have no most favorable orientation. For example, the dipole-
way of knowing P a prior, or how it varies among col- dipole interaction is [ (" s - (P. L) (P. Mat)Vr which
Ulsion partners, and so will consider It a single value has a maximum value of 2 jju,/'r. With one exception,
independent of collider. The thermally averaged cross the most favorable orientation is the same for all orien-
section at T is thn tation-dependent interactions. The exception is aouQels

compared with other OH-HtO terms, but its magnitude
a(:n -P (77)) E exp(-_/ E ) dE. (5) is also quite small by comparison. The use of weaker,

oretation-averaged potentials generally gave too small

In the cae of a single attractive term, such as for a calculated cross section.
CH 4 or 3F4 where only dipole-nduced-dipole and ds- The results of the calculations at a temperature of
persion forces contribute, the equations may be solved 1100 K are listed in Table I for each of the gases mea-
analytically. For this potential sured. The experimental values are compared with the

.Ebs calculated ones in FIg. 10. With the obvious exceptions
Kr) - - of N, and SF0, and possibly COs, there is a reasonable

correlation between experimental and calculated values.
ro is the value at which dV/drsO, leading to ros(3C,/ The line drawn is a least-squares fit, constrained to go
Ebl)V' and Vtre) -2E/tb'/3Y"tC ". 6 may then be through the origin, for the eight other gases. The slope
evaluated by recalling that at this value of impact pa- of 0.4 can be interpreted as a common, average prob-
rameter, V(rs)-E. Thus be0 (3",/21 3) (C,/E); / 6, ability P for quenching once the collision complex has
which can then be used with Eqs. (4) and (5) to obtain been formed. Although it is not expected that P be ther (T). same for each collision partner, the experimental values

For a potential with more than one multipole Inter-
action [Zq. (3)] this simple procedure cannot be used
because the derivative equation dV/dra0 at the top of TABLE LU. Multipole terms included in ihe calculation, aL he
the barrier leade to a more complex power series equa- most favorable orientaton.
tion for Pa. We have adopted a straightforward, if
tedious, numerical approach. For a given E, a small
value of b is chosen. V(r) is then calculated as a func- C, Dtpole- uadrupole 3, 2os, Q -3, 2 A,
tion of increasing r until a maximum is found; this S(r,) C, Dipole-induced Dipole . -
is compared to E. b is then incremented and the pro- l. P. , I. P. ),"
ces is repeated until V(ri) = E; the corresponding value Dispersion 3,. 2 ) - . ,
of b Is set equal to 60 for that energy. The process Is
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TABLE IV. Parameters used in calculation.

(c/)... A (D) Q x 102 esaucm 2  a(A 3)  I. P. (eV)
Reference a b c d e

N2 9.7 0 -1.52 1.76 15.58
SF, 14.2 0 0 4.52 16.15
CO 10.2 0.112 -2.5 1.95 13.98
CO2  14.0 0 -4.3 2.65 13.77
H 0 20.7 1.85 +0.13 1.48 12.6
CH, 12.1 0 0 2.60 12.71
NH, 18.9 1.47 -1 2.26 10.19
02 10.8 0 -0.39 1.60 12.06
H2  6.1 0 +0.66 0.79 15.43
NO 10.7 0.153 -1.8 1.74 9.25
N20 15.6 0.166 -3.0 3.00 12.89
OH A2E 1.98, (2.46')  9.12X I n, 1. 669 +1. sh 13.17

IH. M. Lin, M. Seaver K. Y. Tang, A. E. Knight. and C. S. Parnenter, J. Chem. Phys.
70, 5442 (1979).

bFrom R. D. Nelson, D. R. Lide, and A. M. Maryott, Selected Values of Electric Dipole Mo-
ments for Molecules in the Gas Phase (U.S. GPO, Washington, D.C., 1967). Vol. 10.

'D. E. Stogryn and A. P. Strogryn, Mol. Phys. 11, 371 (1966).
4J. 0. Hirschielder, C. F. Curtiss. and R. B. Bird, Molecular Theory of Gases and Liquids,
2nd ed. (Wiley, New York, 1964).
'R. A. Beaudet and R. L. Poynter, J. Phys. Chem. Ref. Data 7, 311 (1978).
'E. A. Scarl and F. W. Dalby, Can. J. Phys. 49, 2825 (1971).
OW. L. Meerts and A. Dymanus, Chem. Phys. Lett. 23, 45 (1973).
hA. Khayar and J. Bonamy, J. Quant. Spectroac. Radiat. Transfer 28, 212 (1982).
'Value for HF X 1 E*.

(excluding Ns, se, and C%) do differ from the predicted tures. The full set of ao previously measured at room
ones by only 25% on the average, temperature shows considerable spread, 19 and even the

The multipole interaction approach predicts a decr selected set of recent values given in Table II exhibits
ease differences of a factor of 2 where there exist multiple

in ao with increasing temperature, but to a smaller de- determinations. Within the context of energy transfer
gree than indicated by the Parmenter model correlating measurements in general, this constitutes rather re-
with well depth. We have calculated vo at 300 K. The spectable agreement among values obtained in different
pertinent results are collected In Table V for the 5ix laboratories, but it does suggest the potential for sys-
gases studied here which have also been measured at tematic error in any given measurement. We have cho-
room temperature. The experimental cross section
ratio is the present result divided by the selected room
temperature value listed in the table. An assessment
of the level of agreement between the experimental and
calculated temperature dependence is strongly influenced
by the choice of vo (300 K) from the range of available
values. Nonetheless, except for the weak quencher Nx, 40

and for Hl where o (1100 K)/&Q (300 K)> 1, the pre-
dicted dependence is essentially observed.

V. CONCLUSIONS AND QUESTIONS

Two related conclusions can be drawn from these re- 20

sults. The first is the direct experimental result show-
ing the o' at elevated temperatures to be lower than
those at room temperature, and the second is the Inter-

.0 prefttion that attractive forces and collision complex
formation play an Important role in the quenching of OH o
by many collision partners. 0 40 so

For the comparison of ae at room and elevated tem- OCALC (A2)

peratures, it would hae been preferrable to have mea- FIG. 10. Experimental cross sections vs cross sections calcu-
surements over the entire range in a single system, lated using the muitLpole approach. The line is a least squares
which was not possible with the LP/LF apparatus. One fit, constrained to pass through the origin and not Including the
must consider errors in absolute oo at both tempera- results for N2, SFg, and C) 2.
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* TABLE V. Quenching cross sections at 300 and 1100 K.

ab 1100)/1 (300)

al;(300) (A) 7Q(1100) (. 2) Experiment Multipole theory

N2 3.7 0.7 0.19 0.60
02 12 11 0.92 0.62
110 65 26 0.40 0.47
CO2 20 13 0.65 0.57
Ht 7 10 1.43 0.60
CO 43 20 0.47 0.56

sen for comparison (Fig. 8 and Table V) what appear as other would seem likely. Alternatively, one might have
consensus or average values. At the elevated tempera- anticipated the A-X mixng in OH to be caused by an in-
tures, we recall our error estimates of - 25%. This is teraction with the dipole or other moments of the colli-
also the error estimated for our rate constant measure- ston partner, but this does not appear to be the case.
ments' for OH *CH4 from 800 to 1400 K, which in turn The conspiciously low values for N& and SF, are par-
agrees well with the scatter from expected values (men- tkcularly puzzling, for Ns alone, one might rationalize
surements, and extrapolations from a fit to more accu- especially ineffective quenching once the complex is
rate lower temperature data). formed; note that the ad at room temperature is also the

In view of these uncertainties, it is the totality of the lowest of all molecular gases. However, an interpreta-
evidence-the ratios in Table V on which we conclude tion including participation of the repulsive part of the
that va decreases with increasing temperature. interaction is not in accord with the results for N.,

which shows a much smaller aQ(1100)/ao(300) ratio than
These results have immediate implications for ex- all other gases for which comparison is possible (Tablewereom pstion , hich peue to d decty H r in th fV). The small size of o for SFe, while welcome from

where composition, temperature, and density vary with the experimental point of view due to its necessary pres-
ence in the LP/LF method, is even harder to reconcile.

age o increases as the fuel and oxygen are converted to It lacks attractive interctions with an 's and r- depen-
CO, CO,, and HI0. V increases as Ta/a but the density dence but so does Cr which has a much Larger cross
varies Inversely with T, and oQ for each gas decreases section. Any special rationalizations involving the clouQ
somewhat with higher T. Some model calculationsO in- section.iny speia inaliatin i n the cuodicate a quenching rate (e"i) and resulting fluorescence of fluorine atoms is invalidated by the size of %( 300)

yicate l wquenchich aes litl wh osltion , naccd for CF, and other halocarbons. 11 Thus the low valuesquantum yield which varies little with position, in accord for these two collision partners remains a fully open
with direct measurements for OHn and CHO in low-pres- question. Measurements for an even broader range of
sure flames. In the case of an air-based flame, the very collision partners is needed to formulate a full picture
low ao for N, means higher quantum yield and better of the quenching of A 'V OH.
sensitivity than would have been estimated using the
room temperature value. In contrast, atmospheric ACiNOWLEDGMENTS
monitoring experiments in which OH is measured by
LUF at T< 300 K (i.e., in cooler regions of the strato- We appreciate the support for this research, which
sphere) will probably be affected by higher oQ than the was furnished by the U. S. Army Research Office under
room temperature values, contract DAAG29-80-K-0049. We thank Charles Par-

menter for useful discussions, and Edward Lee for
This temperature dependence and the correlation be- sending us a copy of Ref. 2 in advance of its publication.

tween experimental and calculated cross sections shows
that attractive forces are responsible for the overall
size of aq and its variation with collision partner. The
correlations with the well depth model and the multipoLe 'H. NI. Lin, N. 'eaver. K. Y. Tang. A. £. W. Knight. and C.
interaction are of course not independent, a plot of S. Permenter, J. Chem. Phys. 70, 5442 (1979).
In 0" wvsV -" shows a correlation similar to that in D. L. Holtermann, E. K. C. Lee, and R. Nanes, J. Chem.
Fig. 8(b) with a slope of -0.065 at 1100 K. Phys. 77, 5327 (1982).

3R. K. Lengel and D. R. Crosiey, J. Chem. Phys. 68, 5309
The picture is still far from complete. The correla- (1975).

tion seen in Fig. 10 suggests a similar probability P 4P. W. Fairchild. G. P. Smith, and D. R. CrosLey, Nineteenth
for quenching once a complex is formed, for the eight Symposium (International) onCom~ustion, The Combustton In-
partners whose experimental values lie near the line. scitute, Pittsburgh , 1982, p. 107.
One might expect a priori quite different values given 5D. R . Croslev. Opt. Eng. 20, 511 1981).
the differences in the nature of the colliding molecules. CL. -eaman. Final eport. SRI Project 1892. Ienlo PrK.
t the quenching were facilitated by some partial equl- D. F. %Ic.%Ullen. K. F. Lewis. G. P. itch. and 0. ,.

partition of energy among modes of the collision com- Golden, J. Phys. Chiem. 96, 719 1982).
plex. large differences in P between the diatomics on '1. S. McOermid and J. B. Liudenslager. J. Cl.em. PhWs. 76,
the one hand and the triatomics plus ammonia on the 1S24 119823.
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Laser-induced fluorescence spectroscopy for
combustion diagnostics

David R. Croeley Abstamt. Laser-induced fluorescence can be used to detect with high sensitivity
. Gregory P. Smith small molecular species, typically free radicals, which are the intermediates in

SRI International the chemistry of combustion processes, the atmosphere, and plasmas. Using as
Menlo Park, California 94025 examples recent work from our laboratory, we describe the laser spectroscopy

and spectroscopically based collision studies needed for application of the
laser-induced fluorescence techniques, with an emphasis on combustion
diagnostics.

Keyword" fluorescence" laser-induced fluorescence free radical" collision studies;
coinhust ion diagnostics.
0 EOpekd Erng i) 22t5$) 545-553 (Seprmber 0crobr 1983).

CONTENTS Establishment of the ability to detect a given species with LIF

1. Introduction requires a study of its spectroscopic characteristics. This often takes

2. Laser-induced fluorescence (LIF) as a diagnostic probe as a departure point previous, conventional (nonlaser) spectroscopic
2.1. LIF method investigations, but involves further research to develop optimal
2.2. LIF in combustion measurements detection strategies (choices of excitation and fluorescence wave-
2.3. Spectroscopic data needs lengths). This is especially true if there are potential interfering

3. Spectroscopic measurements under collision-free conditions species. In many cases, further quantification of the LIF method is
3.1. Production of radicals desirable; the extent and level of precision required vary with the

3.2. Excitation scan studies species detected and processes studied. Here measurements are

% 3.3. Lifetime measurements needed of lifetimes, transition probabilities, and a variety of collision
3.4. Fluorescence scans phenomena. Finally, the development of special LI F variants such as

4. Collisional effects two-photon detection requires additional spectroscopic detail.
4.1. Quenching We discuss in this paper the types of spectroscopic and collisional

4.2. Energy transfer measurements needed to develop LIF as a diagnostic technique,
4.3. Polarization phenomena using as illustrations recent experiments from our laboratory. (There

5. Conclusions are many other researchers and laboratories active in this field, and
6. Acknowledgments we emphasize that this paper is not to be construed as a review of
7. References work in the field in general.) Such studies form a significant portion

of our research program, which has as its objective the development
and application of laser methods (primarily LIF) for the understand-

1. INTRODUCTION ing of the chemistry of a variety of processes. Much of our current
'eh eof laser-induced fluorescene (LIP) of small, g orientation is toward combustion phenomena, the choice of species

,.. Theteh uand characteristics for study and for discussion here is slanted
phase molecules has found widespread application in the physical ad hatapitio Wte at o r tiyobsion
and engineering sciences. In addition to providing fundamental toward that application. We notethat ofthe nearly thirty combustion

information on spectroscopic and collisional properties, it is proving chemistry intermediates detectable by LIF, all were first studied by
useful asadein several fields. LIF is echemists or physicists in fundamental spectroscopic studies and notsuitable for the sensitive detection of a number of reactive inter- by the user community interested in applications. Hence, it is impor-

" mediates in chemical networks, the most important example of tant to establish a coupling between the needs, present and antici-
which is OH. The areas in which LIF is increasingly used include the pated. in the applied areas and an awareness of the current and
study of combustion phenomena, processes in the upper and lower possiblecapabilitiesofthefundamentalstudies.

Satmosphere, the chemistry of plasmas, and laboratory measurements
or of chemical reaction rates. 2. LASER-INDUCED FLUORESCENCE AS A

-"-____ DIAGNOSTIC PROBE

' Invited Paper F-105 received Mar. J. 1993: revised manuscript received June 6, 983; 2.1. LIF method
. • accepted for publication June 7. 19;13 received by Managing Editor July 20. 913.

S1913 Society of Photo-Optical Instrumentation Engineers In laser-induced fluorescence, one tunes a laser so that its wavelength
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matches that of some absorption line of the species of interest. The
molecules absorb the laser photons. becoming elevated to an elec.
tronicailly excited state from which they emit light (fluoresce). The
fluorescent photons then form the detected signal. As the laser is
scanned across a series of absorption lines, signal is produced each
time a match occurs. Such a so-called excitation scan is depicted
schematically it Fig. 1. It traces out what is essentially the absorption
spectrum of the molecule, but with a significant difference comparedA

N to conventional absorption spectra. In LIF one detects not a small
dip in some transmitted beam of light, but rather a positive signal on
a nuill background. This yields much higher sensitivity-, absorptions
less than 10-4' pe cm can produce readily measured signals.

The rate of production of molecules in the uapper level pumped by
the lasw is given by

dNe

where N. and N. are the number densities (cm- 3) in the pumped and
* absorbing levels. B is the Einstein absorption coefficient, and I is the

laser intensity (W/ c=2). (We will not consider here line shape effects;
BI in Eq. (1) represents actually the convolution of the laser and
absorption lines over frequency. or f B(P') I Wid .) N, is related to
the total pound-state density Ns by a Dolt-mnn distribution:

Na MNgG exp(-Eaj k1) .(2)

wheire (3, and Ea ame the degenieracy and energy of level a. The
11coefficient for a given v'.vl vibrational band and Jj' rotational

* 'I branch" is a product of three factors: a vibrational transition probe-
bilityt P,-. a rotational line strength S., and an overall electronic
transition probability, which is, in turn inversely proportional to the

* radiative lifetim r of the upper state. Thus,

l'Vhrr~ 0G ($) h Ofemmue of an. ekstii won. This Wosr to tunis
setveiriosh *"lias sborom'lnea saU rmenist. Detection in achieved by

where X is the transition wavelength, and the G's are the electronic Parnwin the htW lua-esceniog waomwdty (LOMg shaded ewrowl.

degmneracies of the excited and pround states.
The excited state then radiates. Under collision-freer conditions.

and whern light from all the possible fluorescent transitions is col- pround electronic state. In this Case one has
lected and integrated over time, the fluorescence signal F is given by F = MON, 1 (6)

F - cANe cN/ r , (4) The fluorescence quantum yield 4 is related to A and the quenching

where A - v is the Einstein emission coefficient. c contains all the rate Q by
factors of geometry (solid angle. probed volume), optical losses *=A A+Q

*(flter Or monochromator transnission. detector quantum effi-()
ciency), and electronic gain that can be separately calibrated, If a Collisions can also be of the energy-transfer type, which move the
patiulr (4) vbecfloecettoniimesosevdsteAo molecule from the pumped level to other radiating levels within the

Eu. () beomesupper state. In this case one must consider the state-to-state depen-

Avjj,= PvvS~, r. dence of these collision processes together with the specific transi-
tions monitored in fluorescence. That is. one may have an effecti~e

Measurements of P. S. r. and the energy levels of the molecule in quantum yield differing from that in Eq. I'). as we shall discuss iater
In any event. it is clear that the study of collisional effects. is also anquestion form the needed spectroscopic information for LIF diag- imoanprsfLFdelpetrsach

nostic development.imotnpato Idelpetrsach

I ~~~At Pressures Of an atmosphere, a molecule that has been excited 2..LFI obeonmaumet
*by the laser can suffer collisions during the time it resides in the upper 21LFi obsinmaueet

state, before it radiates at the rate A characteristic of the electronic LIF. together with spontaneous and coherent Raman spectrc : 'Py-
transition involved. For example. for the OH molecule in a flame at forms a family of laser spectroscopic probes' for the study of corn-
atmospheric pressure, only about I in each 1000 excited molecules bustion. that is. methods proiiding concentrations and temperatures
emits&aphoton. the remainder are collisionally quenched back to the ithrough the population distribution oier internal energy e'eisi a

identifiable molecular species. The methods complement one anothe7
"isin umonar Mlmlr S~roC*P nuti". siew n~ deoinIraliper well in that the Raman techniques are the choices !or meaisuring

nda iA doie PntMl@ the Stoundg icawji jilo, -Icon a itannjIon, ,a aneiso. 'c Pay major species in a 1arne ithe I uel. oxidant, main exhaust gases. airid.
%twawnntnt .obsasrsosimsoc.. 6. .0 ba- ma. in nan air flame. N. i L IF :s t he oni% method suitable tor tfle detectiont

Fair Ib he intiofant oN moiccule. but tor no othen ol cuffent Pracilical Significance. P af the chemical intermediates present at ow concentration
1"M ith P~D. and 2' AlSO. as dugscc Sac. 3 4 LI F 4as a number oft atributes especiailv usetul n combustion
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.9 LASER-INDUCED FLUORESCENCE SPECTROSCOPY FOR COMBUSTION OIAGNOSTICS

studies. The laser can be focused and is generally pulsed, sothathigh concentration of '00 ppm. on a single shot The snit,, it% 'o-r Ne'
spatial and temporal resolution are possible. Sample volumes of species will vary with their spectroscopic characteritstic
< 10-3 mm 3 can be defined, although I mm 3 is a more typically used
value in many present studies. Most of the lasers used have pulse 2-3. Spectroscopic data needs
lengths of 10 ns, so that measurements average only over this inter- The particular needs for an LIF data base ar' with t e probicm
val. These attributes are important in atmospheric pressure flames. addressed by the method In some cases, reiati eis crude snovedge
where significant concentration and temperature gradients can exist may suffice. For example a measurement )I reiatise gnai ntens-
over spatial regions of the order of I mm, and under turbulent tiesfor LIFiNHandOH inaCH. flame ,as anaed osng
conditions, where conditions can change in times of the order of a the simple assumption that the quantum ¢ield * for eachi was the
fewjs..Themethodissensitive;forexample.OHcanbedetectedin same, given the total lack of quenching experiments on NH • The
mm volume at sub-part-per-billion concentrations, producing some surprising result that (NH] 004(OH] indicated a potentia,1%
100 detected photons on a single 10 ns laser shot. Selectivity is important chemical role for nitrogen containing radicais n this
obtained through the narrow bandwidth of the laser, which provides flame; subsequent experimentst have confirmed the higi [%H] an,
high spectral resolution. Even if two species absorb at the same found large amounts of CN and NCO as well
bandwidth, they can often be distinguished by choosing different Similarly, an imaging experiment wih onls a semlquanhitatoe
fluorescent wavelengths at which only one or the other emits. As with analysis may provide a great deal of information and s imulus to
other optical probes, LIF is nonintrusive, so that it does not perturb theonssapproaching the problems of turbuiert reactise 'low wit-
the gas flows or chemical reactions. Additionally, it can be used in ness the theoretical advances following %isuaizations of turbuient
environments too hostile to permit the insertion of a physical probe structures using Schlieren methods At the other extreme one ma
device, such as a thermocouple or a sampling nozzle. wish to fit to a chemical model a detailed sec of profilqs of se'erai

LIF is, in fact, the only method capable of providing sensitive, radical species in a laminar flame This mas require much more
fast, spatially resolved measurementsofchemical intermediates. It is. information to assess precisely enough the relatie signal strengths
on the other hand, not general, as is mass spectrometry, forexample. from different species over the changing thermal and collisional
To be detectable with LIF, the molecule must possess a suitable environments encountered through the flame

* electronic transition, at wavelengths accessible with available lasers, The OH radical occiapies a special position among molecules
which also fluoresces. Fortunately, many important small combus- detectable by LIF. It is a ubiquitous and important intermediate in
tion chemical intermediates fall into this category. Table I lists the nearly any flame involving oxygen and hsdrogen ias well as man,
"natural" combustion intermediates that have been detected with other networks, such as atmospheric chemical processes) It! pres-
LIF in low pressure flows or cells and!/or in flames. (Not included in ence can be used to signfy the occurrence of oidation reactions The
the table are a number of metals, their oxides and halides, often needed laser wavelengths are expcrmental ero coneniet and Ts

, obtained in flames only through seeding but sometimes found as spectroscopic and collisional data base is far better established than
contaminants, and many larger organic species, such as benzene, that of any of the other molecules in Table I It has sersed as a test
acetone, benzyl radicals, etc.) species on which to try new methods (e g. the imaging) and is

For diagnostic applications, it is important to recognize that LI F generally the first species to search for when studv ing a new flame or
measures the concentration of the ground electronic state of the probing a complex system. Despite the large spectroscopic effort
species monitored, in contrast to the excited states seen directly from devoted to OH. there remain some gaps in its data base. the closing of
emission spectroscopy. Because the excited states are often produced which is warranted by the premier importance of this radical
through very different chemical reactions than ground states, the
distributions can be very different, and only LIF furnishes informa-
tion truly relevant to the overall chemistry. 3. SPECTROSCOPIC MEASUREMENTS UNDER

Recently we have developed a new two-dimensional variant of COLLISION-FREE CONDITIONS
LIP" which promises numerous useful applications in flames and 3.1. Production o( radkcab
other systems. It is a fluorescence imaging technique that furnishes a
planar map of the radical concentration throughout the flame on a The first step in performing laser spectroscopic expenrnents is to
single laser shot. Here, the laser is focused into a thin sheet of obtain an adequate concentration of the molecules to be studied If it is
radiation (in our experiments on OH. it was 0.5 mm thick) and astablespecies, suchasCOorSO,.a static cell may simpl% be filled at
passed through the flame. Wherever the OH existed in the plane cut the desired pressure. Under some conditions, a static cell operated at
by the laser sheet within the flame, fluorescence resulted. This was specific conditions of temperature and pressure can lead to sufficient
focused at right angles onto the face of a two-dimensional vidicon concentration of certain radical species. this method has been used for
tube, yielding an instantaneous picture of the OH concentration. OH and S.2. Most of the studies of free radicals. hoe'er. hase been
Such a spatial correlation of the concentration is important in a made in discharge flow systems. A parent species is dissociated n a
turbulent system, where the conditions at the sampling point can microwave or radio frequency discharge at total pressures ol the order
vary drastically from shot to shot. The sensitivity for the OH fluores- of I Torr (generally the ma)ontN gas is an iner carner such as He or
cence imaging was very promising; using 1.5 mJ of laser energy. Ar). In some cases the desired radical is directi produced n ihe
-2000 counts were obtained per mm 3 of sample volume at an OH discharge; N atoms may be produced from N. in this ,as. or exampie

In many cases the onginal radical reacts with another moecuie o % ield
the species of interest. Thus. N atoms reacting with 0. produce

TABLE I. Combustion Intermediates Obsered by LIF 0 atoms, and OH may be produced from H - NO. These reactions
proceed rapidly to completion, so theN can be used to produce known

0, N, H. C. S quantities of the radical through the addition of measured amounts 1f
OH* the stable reactant. 0. or NO..An attractie methl or he produ(-
CH* C2 . CN*. CO* tion ofmany radicals is a discharge of CF, i in a He carneri to priduce
NH*, NH2 , NO', N0 2

°  Fatoms; these then strip H atoms from a parent to produce radi..Ais
NCO*. HCO, HNO We have used this method to produce the N(0 radical from H(

SH, SO-. SO2 vapor, and it has been used for the production )t alk.oxs radi..as2CS, So-S2 (CH30, CH5O, etc)
C20, C3 CH30 Lasers can also be used for radical proJuction ; nrrai Aj-

CH, CH;O. HCN Single or multiphoton dissociation through an ciecltroni,.ais exiriestate of the parent species I often with an etcimer .aser, ta, bee. ,,rd1
'Oom tht cat-n, has .swn pf .-d ,n. ,ian, by several groups - CO, !aser can he used :,r uiti ti.otn, .nt:arrd
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PI. 2. A prd, of nL UF sitatdon seen foethe A21 (001)-X2 R 10001 bend af NCO. Fluomrscence was monitoed at 431 --4nm. in

dissociation of the parent to low-lying fragment states, or as a thermal very time-consuming.
gas heating source for dissociation. We have developed a laser pyroly- Figure 2 exhibits an excitation scan for the NC
sis/laser fluorescence method' using a pulsed CO, laser to heat a gas the excitation is from the 000 levels of the ground X;
sample. Here the infrared radiation is absorbed by SF 6. and collisional level of the excited A2Z1" state. The energy levels inv
energy transfer rapidly heats the system to a temperature chosen by the Fig. 3. The pround-state level is split into two compo
laser pulse energy and SF , pressure. Our experiments have used the 98 cm- I by a spin-orbit interaction and the excits
radical precursor H20.z this pyrolyzes to form OH radicals whose LIF the resulting 217, , and 2r13 2 sublevels can he seer
is then detected with a dye laser timed to fire after the CO02 laser. So far, component has associated with it an R (.J = J'- J
only OH. NH 2.and Fe atoms have been produced in this way although and P(. =- ) branch (as well as smaller O and S f

- there are other possible candidate precursors and radicals. .N= ± 2). as marked on the figure. The assignme
The initial flow tube experiments are generally performed at low followed from a detailed rotational analysis of absoi

pressure and room temperature. This often yields larger signals than in flash photolysis experiment Excitation scans sim
a flame for two reasons: collisions do not reduce the quantum yield, also been performed pumping five other vibrational
and the population is distributed over a smaller number of internal state, as well as two vibrational levels of the 82 l- s
levels than at high temperature. Using a flame as a radical source for The relative intensity of each line within the ba
initial search experiments also suffers from the disadvantages of more product of the line strength factor Sj-j- and the frai

" complex chemistry leading to interfering species, and the possible N. in the absorbing level. In this case the line strer
. confinement of the species of interest to a very narrow spatial zone. calculated from knowledge of the angular moment

Each of the molecules in Table I whose LIF has been observed in interactions among them (in this case. spin-orbit)lI
" flames was first detected by LIF in a low pressure system. have been assigned, the relative intensities may be

3.2. Exctadon scan sudles rotational population distribution from which Cal
temperature from a plot of ln(Na, Ga) versus Ea (Eq.

The next order of business after radical production is a search for the is not at thermal equilibrium so that a tenperature
excitation scan of the molecule: that is. find the LIF signal. Again. all the population distribution itself is of direct interes
the molecules detectable with LIF have a common feature: such a Clearly. obtaining the total concentration from
search has used as a guide emission or absorption spectra previously given line requires knowledge of the temperature
obtained using conventional (nonlaser) methods. In many cases fractional population in the absorbing level (see Eq.
those measurements were made in flames, the medium in which the
emission spectra of many radicals were first observed. Discharge
emission spectra and the flash photolysis absorption studies of the *This notaion infies tie three %ibrations t. 1 this inear tn
1950s and 1960s are a rich source of such data as well. Such starting Ia stretches. and s. .s a olo, ,ieseinrait end.
points are most valuable, for an undirected search for sharp lines L mesets utmS o.> - base a inOore eoipue sphitln5 pattern ue to"nomemum tfi'e ,leptiette sene *ntci nucructs nu, tc h .
•ttn a bandwidth of the same size as the laser bandwidth would be "norenrium .n. ihe tenner-Tetier ,pttns oi 'me oIertwa r
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Fig. 3. Energy-l l diagram for NCO showing the known electronic
statue and thenodynamic dissociation Emits.

profiles are taken throughout a flame, it is often useful to choose a level -

for monitoring whose fractional population varies little over the
%" " temperatures of interest, that is, some J for which aNa/ aT is small.

Much larger signal is obtained near the bandhead, where many lines
pile up together so that the laser line overlaps the absorption from
many levels at once (see Fig. 2). Excitation in a bandhead region may
be quite useful, especially for low densities of the molecule studied, -2

although analyzing the overlap to obtain the effective fractional popu- 0 0.5 1.0

lation monitored may present problems for accurate measurements. TIME (gs)

3.3. Lifetime measurements Fig. 4. Fluorescence decay of NH A3t . v' =1. excited on the O2 line in
The excited molecule radiates at a characteristic rate kr = I/ . This is the (1,0 bond at 305 nm and obsered in the (1.1) band at 338 t 20 nm.
directly related to the Einstein B- and A-coefficients [Eq. (3)], and its at collislonleas pressures. The lower. logarithmic plot of the data gives a
measurement serves as a useful way to determine absorption and radiative lifetime of 440 fl.

emission strengths for the transition. For radical species it is often
difficult to obtain a high enough concentration to perform precise
absorption measurements; even when one can do so, accurate knowl- measurements thus place this dissociation limit between these levels,
edge of the absolute concentration often presents problems. (To 0.46 eV lower than determined in an earlier study of the photodisso-
determine the strength of a given band, one must combine the ciation of .NCO. This new determination of the0dissociationlimit 0

lifetime measurements with determinations of relative P,.v', as dis- has as a consequence a higher heat of formation of both NCO and
cussed in the next section.) HNCO compared to the previously accepted values. The differences,

For lifetimes longer than the pulse length of the laser, LIF fur- nearly 10 kcal, mol, have implications concerning the role of the
nishes a good method of measurement. Figure 4 shows the decay of NCO radical in flame chemistry.
fluorescence from the v' = I level of the A3 rli state of the N H radical

" ,.'. under collision-free conditions.9 Here a narrow electronic gate has 3.4. Fluorescence scans
been triggered initially just before the laser pulse, and its delay is A schematic indication ofa fluorescence scan is given in Fig. 5. Here
scanned through the excitation (rising portion of the signal) and the laser is parked on one excitation. The level pumped radiates to

\ through the exponential decay. The data, fit to the exponential, some set of ground-state levels, for example, a series of vibrational, .n furnish the lifetime. In the section on collisions, we will discuss levels. A monochromator is scanned to measure these transitions as a
* . quenching measurements made in this way at varying pressure of function of fluorescence wavelength. Under conditions where energy-

collision partner. transfer collisions occur before the molecule radiates, other levels are
Lifetime measurements can furnish other information as well. In populated and can be discerned by such a scan; this phenomenon will

the case of NCO. the two different electronic states have very differ- be discussed in ',ec. 4.
ent radiative lifetimes: r(A 2 y + ) =-410 ns; v(B2 ') = 63 ns. The latter From each - easured separation of a fluorescence wavelength
value was measured for the 000 level of the B-state. If one moves from that of the pumping laser, one can obtain the separation in
upward to the 100 level, only - 1000 cm- higher, the decay is energy of a terminal v level for the fluorescence from the energy of

*7 4 indistinguishable from the laser pulse time dependence. Thus, the the initial absorbing level. Figure 6 shows a fluorescence scan' result-
lifetime of this higher level is S 10 ns. The marked decrease between ing from pumping the 000 level of the B2fl1 state of NCO. The laser
these two vibrational levels is likely caused by the onset ofa predisso- line is off the chart to the left (at 315 nm). As the monochromator
ciation to the N(2D) + CO(X'I ) limit (see Fig. 3). These lifetime scans to longer wavelengths, one detects fluorescence returning to
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PIs. e. Flu-oe e eenceumfromtheOOOlevelofNCO mZR excited at
the R., hed at 315 wn.

electronic transition as a function of internuclear distance. If it is
constant. Eq. (8) reduces to

" ."- = I If*v,.*vdr 1 = Rezqv"v. (9)

where qvv, is simply the vibrational overlap integral, or Franck-
Condon factor. For small species that have been well characterized
spectroscopically, q,,vv is often calculable using potential curves for the
pertinent electronic states constructed from the spectroscopic con-
stants. If Re vanes with r. however, the relative Pv'v, must be obtained
from experimental intensity measurements. For larger molecules, one
is generally better off using directly the empirical determinations of the

I PvIV-.
An important example is the OH molecule, whose relative and

absolute transition probabilities are reviewed in Ref. II. For example.
fluones-cc scansil ofthe0.0 and 0.1 bands show that P0 1 , Poo =0.004
even though q0, q00 = 0.09. The reason is that Re decreases with
incresing r, and the 0. 1 band transition occurs at larger average values
of r (1.22 A) than does the 0.0 band (1.01 A). A fit of the observed
atensaues for nine bands in each of OH12 and OD,"3 using calculatedPis. S. Shonele eee of fl. esmmee sc. The ise is values of q v,. showed that Re(r) could be fit to a linear form.

imed w a seel0e mep flee lamteded aerowi a& the mnonehronr-
toris mnntwed a - -e the le~de fluwoeeeen njesin es from the
sed 10 lnlld M . Re(r) = c - Or) , (10)

with 00.7 5 A-'.
higher v vibrationil levels of the X2 1l; state. The more intense bands Transition probabilities in OH are unusual in another respect.
seen have one or more stretching vibrational quanta and vj = 0- they The variation of Re(r) coupled with the high degree of centrifugal
are marked on the figure. Some weaker transitions (unmarked) distortion present causes a significant variation in P with J. That is.
involve v; - 2 and 4. From a scan such as this (which extends further the P values of Eqs. (3). (5), and (8) should be properly expressed as
than is shown in the figure) one obtains the energies of the vibrational
levels in ground-state NCO, which can be fit to a collection of Pv'v-JJo - lf*,v1 4r) Re(r) M-j.4r)dr 2 (II)
harmonic and anharmonic vibrational constants. Previous informa-
tion on NCO gs-phase spectroscopy came from absorption studies with the radial variation of the rotational wavefunction included.
which probed only the 000 and 010 levels in the ground state, so that The form of R(r) determined from the LI F fluorescence scans, given
these results represent the first determination of these constants in in Eq. (10). has been combined with accurate wave functions *,j(r)
the gas phase. The results may be used to understand the structure of from RKR potentials to calculate Pv',. j fj for all bands of the OH
the NCO molecule and to calculate its thermodynamic and thermo- A:T..' Xf system which are of diagnostic interest."1
chemical kinetic properties. From the standpoint of diagnostic mea- No other molecule is as well characterized as O H. and even where
surements, knowledge of the wavelengths of the fluorescent transitions numerous studies exist for others, there can remain uncertainty in the
is needed in order to choose a suitable spectral region for detection, results. An example is the C, molecule. A table of previously mea-

Measurements of the intensities of the series of bands are also sured lifetime values of the A-Rl state (upper level of the Swan
clearly important for the choice of an observation wavelength so as bands) was given in the paper' s describing the first application of
to maximize the available signal and, or avoid interferences. They optically saturated LIF in combustion. because this value was needed
are also needed for quantitative measurements of concentrations to analyze the experimental data. A variation of more than a factor
using LIF. We shall consider for simplicity a diatomic molecule with of seven, over 17 different measurements, can be seen.
only one vibration although the concepts are applicable to larger
species, such as NCO. For a particular v'v" band. the relative inten-
sity of fluorescence Pvv" is given by the integral 4. COLLISIONAL EFFECTS

.As noted earlier, the collisions which the molecule suffers while excited
PV'V- = Ifv,(r)Re(r) * .(r)dr (8) can have a protound influence on both the magnitude and spectral

tform of LIF signals. The collisions may be of a quenching nature.
over the two vibrational wave functions w and the electronic transi- reducing the overall quantum yield O(Eqs. (61 and (")]. Collisions can
tion moment Re. all expressed as functions of the internuclear dis- also cause energ' transfer to other v'. J!eels of the excited state. Ti se
tance r. Relr) expresses the probability of the molecule making the collisionally transferred molecules will then fluoresce at different wase.
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lengths and with different intensities compared to the originally pumped
* **. - level. Thus, the effective quantum yield into the detector bandpass can

be affected, particularly if it is narrow. 7
-' The subject of collisional effects on LIF measurements in flames

has been reviewed with coverage of the literature through early 1981, 02
.and we refer the reader to that article2 for a comprehensive discussion.

Emphasized here are the fundamental methods used to study colli- 10.6 x 10- 11 cm3 sec-'
sional effects, and studies performed since the appearance of Ref. 2. 6

4.1. Qundhag
Quenching rate constants kQ for individual collision partners are

generally obtained from lifetime measurements. The time depen-
dence of the excited-state population is given by

Ne(t) = Ne(t = 0)exp[-(k + kQn)t] , (12)

where Ne(t = 0) is the population initially created by the laser pulse, N2

and n is the density of the added collision partner. A plot of the total
decay rate versus pressure of added 0 and N 2 for the 100 level ofthe 3.0 1 0" cr 3 sec-'

AZ state of NCO is shown in Fig. 7; from the slopes we obtained 2W 
4

ko for these gases.' In such experiments it is essential to measure all A
ofthe excited-state fluorescence. Suppose, for example, a v' = I level 0
is pumped by the laser and the choice of fluorescence wavelengths is

'- such that only emission from that level is detected. Then any colli-
sional transfer to V' = 0 will appear as quenching, and the slope of the
plot will not give the true value of kQ.

Lifetime measurements may be used only under conditions in
which the decay time is longer than the laser pulse length, typically 10
ns for the lasers used in these experiments. At a high enough pres-
sure, the total decay time becomes shorter than this, and the popula-

-''tion N(t) will reflect only the time dependence of the laser pulse. For 2
some molecules k1 is already too fast, precluding quenching determi- 0 1 2 3
nations from lifetimes. Under conditions where the number density PRESSURE, tort
of the molecules pumped by the laser can be controlled. fluorescence
intensity measurements can yield quenching rates. An example is
CO, "pumped by two photons at 289 nm to the v'= 3 level of the Afll FIg. 7. Plte of tat fluoreecence decay te for NCO A21' oberved on
state, which has a lifetime of 10 ns. The total fluorescence intensity F. the .%v = 0 bonds after excitation of the 001 level a a function of added
integrated over laser pulse and decay time, is compared for a given Premsue of exgen and nitrogen. Lia give the leeat-aquaree quenching

CO density, with (F) and without (Fo) an added gas at density n: raw constnt

,Fo  k, + kQ rico + kQn temperatures and has important implications for LIF signal strengths
F k."+-, con= (13) in air-based flames.F kr + ke no The results for the other collisional partners have been exam-

A plot of this ratio for N2 as the collision partner is given in Fig. 8; ined 'i in the context of theoretical approaches which express oO in

runs at three separate nco values, normalized for comparison, are terms of attractive well depths between the excited OH and its

shown. Both kr and kt must be separately measured to determine collision partner, and a combination of multipole interactions.

SQ kO for N2 . Q The trends in oO with the characteristics of the collision partner
Of the molecules in Table l. is known for a variety of collision confirm the conclusion from the temperature comparison that
"feol s fo O l E kQ attractive forces are important in the quenching process. Further

partners only for OH. Even here, all the previous direct measure- examination of OH and other excited radicals will be important not
ments have been made at room temperature, where the flow systems

used for the radical production operate most easily. Extensions of nly for LIP diagnostic development but also to establish a funda-
these rate constants to flame conditions have been made by assuming mental understanding of collisional mechanisms.

assuming Results for k for a variety ofpgses. both directly measured and
that the cross section 0p is constant, so that the only temperature est fom kO  orretio hae bomiet h proiles-"-"variation in kO is TI 29 from the velocity dependence. However. estimated from I~se correlations, have been combined with profiles

"variint n QsT't ro te e lciy deenden ce. However, of major species (the predominant quenchers) published for a number
experiments on state-to-state energy transfer in A 2y, OH" suggest': ' :of low pressure flames The results indicate little variation in the
that attractive forces play a role in its collisional phenomena. If this is fow pu r e flame indi i ariatin ith
the case, one expects that oQwill decrease with increasing tempera- total quenching rate Q through the flame. This is in agreement with
ture.' so that e. will increase less rapidly than T' 2a direct determinations of Q by lifetime measurements in low pressure

kQ flames for both OH 22 and CH. 23 which show a relatively constant
Using our laser pyrolysis, laser fluorescence apparatus. we have value (within 20%) through the flame fronts.

' made measurements of kQ for OH at temperatures in the 1100 to
1400 K region for a variety of collision partners."1 The pulsed COt
laser radiation is absorpbed by SF 6, heating the gas mixture and
pyrolyzing H20 2 to OH radicals. these are pumped by the dye laser c Collisions may also transfer the excited molecule among v'J' levels of
v' = 0 of the A-state at a fixed time delay after the CO 2 pulse. the upper state. This phenomenon is studied by making fluorescence
Measurements of the fluorescence lifetime for ten different collision scans at controlled pressures of added gas. An example"4 for S, is

? q partners of importance in flames have been made and show in general shown in Fig. 9. Here changes in the fluorescence spectrum" from the
- . that the cross section is indeed smaller than at room temperature. In

particular. kofor N2 is anomalously small. with a value of 1.2< 10 - "The actual w han from which ths figure was madeemployed asancxcitation sourcea Znticular. fatomic lamp. one ot whose lines coincidentai oserlapped an S, line, but the expen-
cm3  s-1. This is much lower than previously assumed at flame ment could be performed iactually more easilyI using laser e. .ition.
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B'ITv - state, upon addition of successively higher pressures of Ar.
an seen. First rotational transfer occurs within the initially pumped
v - 4 level, and then the molecule undergoes vibrational relaxation
with the population piling up largely in v' = 0 and 1.

The degree to which such thermalization within the excited state
occurs depends on the relative rates of quenching Q and rotational
(R) or vibrational (V) energy transfer. If Q << R. V. the molecule 0 oL
will relax before being quenched. However, if Q >> R. V. then the
single level pumped by the laser will not be transferred before being 340 360 380 400
quenched from the excited state. The resulting upper-state popula- WAVELENGTH .nrm,
tion distribution will be highly peaked and nonthermal. a situation
that has been termed arrested relaxation, or frozen excitation. Stud-
ies made in flames indicate an intermediate situation, so that partial F. 9. Fluorecnc spacus of SL -

nitisuy excied in v' 4. J" =
relaxation occurs. Fluorescence scans have been made after a 41. iu presures of added ag gas A prsa n increed.reveralio lev snH. whioreschne scho bina e ad rotational energy transfer first populates other Jlevels in v 4. broaden-
several levels in OH. which show rotational". 2. and vibrational ing the band. At higher presaures. vibrational energy transfer populates
relaxationZ* and both effects were seen for a single level pump in ot~er v' levls. Other bands with lower v' appear as tho with v" = 4
CN.' The results on 0 H exhibit distinct state-dependent features" : decrease in imensity.
that is, both the rate and magnitude of the transfer are dependent on
the initial level pumped. These effects must be accounted for to hobtan quantitative determinations of temperatures and concentra- has a particular relationship to laboratory-fixed axes. This electrc
obtainquantitativedeterminations orom t eF aesurementng o eta- field interacts with the transition dipole moment in the molecule.
tions from LIF measurements.-" Thus, knowledge of state-to-state wihi unbasaFxdrltosi oteitra oeua
transfer propensities is needed for LIF diagnostic development, whch T turn bears a fixed relatnship to the e dternal moecuiar
especially for the important OH molecule. axes. The result is that the excited-state molecule has a definte

onentation in space (described quantum mechanically by a particu-
Such experiments are performed much in the manner illustrated lar distribution over over mj magnetic sublevels). and the fluorescent

in Fig. 9. using the spectral resolution necessary to distinguish rota- emission from the isolated molecule will have an anisotropic spatial
tional and or vibrational levels, depending on which phenomenon is distribution. This is manifested as a polarization of the fluorescence
to be studied. Except at the lowest pressures, multiple collisions can which varies with viewing direction. For a simple dipole oscillator
occur (as evident in Fig. 9), and these effects must be incorporated this anisotropy is total: that is, no light is emitted in the direction oi
into the data analysis to obtain true state-specific rates. In general. it the original laser electric field. In the case of a molecule, the rotation
is found that multiple-quantum (I .v I or I A I > I)jumps can occur reduces the degree of polarization. However. because the rotationai
on single collisions although the probability falls off with increasing angular momentum, which is a constant of the motion. bears a
separation of the initial and final levels. definite relationship to the molecular axes. a significant degree ot

polarization can remain.
4.3. PollasiNitiZon ph liala If. as in a flame. collisions take place before the molecule emits.
M Most laser radiation is linearly polarized: that is. its electric ector the degree of polarization will be reduced still further Collisions

6,.
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- causing vibrational and rotational transfer can at the same time van for their invaluable contributions. We are also grateful for the
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RATE CONSTANTS FOR USE IN MODELING

D. M. Golden and C. W. Larson
Department of Chemical Kinetics

SRI International, Menlo Park, CA 94025

ABSTRACT

The current status of quantitative understanding of reaction rate

constant data for use in combustion mdeling is discussed. It is pointed

out that simple bimolecular and unimolecular reactions can be tabulated as
-. -

functions of various physically meaningful parameters over wide ranges of

temperature and pressure. We also discuss the more complicated problems of

complex surfaces and their manifestations. A major emphasis is on the

underlying framework for critical evaluation of rate data.

We point out that currently used values for 2CH 3 - + C2H 5 + H are

incorrect and that the temperature dependence of the branching ratiooH 
+ N /NH + NO

2H + can be understood as consequence of angular momentum
* *: OH + N2

conservation.
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INTRODUCTION

4 Computer-based modeling of chemical reaction systems is becoming very

common. I The computational frontiers are constantly being pushed ahead and

greater numbers of scientists have taken advantage of standard codes that

have been developed.

(Many modelers and compilers of combustion kinetic data have developed

the habit of abstracting the literature for the necessary model inputs

without critical analysis. Unfortunately, given the great difficulty of

performing and understanding experiments, values that are both suspect on

physical grounds and internally inconsistent often find their way into the

data base.

As these chemical models are adapted for larger systems, the need

. increases for an internally consistent method for critical evaluation of

the rate constants that make up a given model, as well as for intercompar-

ison of models. Rate constants must be correct not only in absolute

magnitude at a given temperature, but also with respect to their temper-

ature, pressure, and environmental (i.e., nature of the colliding partners)

variations. Furthermore, since complex chemical mechanisms invariably

contain competing steps and the branching ratios evolving from these com-

petitions may carry the mechanism in distinctly different directions, it is

crucial to have a consistent treatment of competing pathways.

This paper reviews the guidelines already well established2 for a

,jJ. framework in which to evaluate rate data. We will also discuss those areas

2

'A

.. :- -. '= - .; .* . , ,., ', , . ." ..* -. .. .,, ,. , . . . ', . .. ,,. , . . . ,....



where this framework needs further substantiation. In addition, we wili

present some development of the treatment of that increasingly ubiquitous

class of reactions that appear to proceed via a bound intermediate.

-- r'.'. It is our hope to enable modelers to have the courage, based on know-

ledge, to extend individual rate parameters for elementary chemical reac-

tions and chemical mechanisms beyond the range of current measurement.

Indeed, this is a modeling requirement since most of the kinetic laboratory

studies are performed at temperatures less than 1000 K and most of the

flame temperatures of interest are between 1200 and 2000 K.
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GROUND RULES

Framework

The model for elementary reactions based on the transition state

theory (TST) is discussed in most text books. The entirety of chemical

reactions is limited to two basic classes: (1) Simple bimoiecular reac-

tions, such as described by the potential surface in Fig. 1(a), and (2)

simple unimoiecular reactions, such as described by the potential surface

in Fig. 1(b).

The barrier, denoted by E, could be as small as zero, and Often is.

Reactions that follow pathways such as depicted in Fig. 1(b) are pressure

and temperature dependent, and depend on the nature of the coliidng part-

ners, whereas those that follow potentials of the type in Fig. 1(a) are

~only temperature dependent. According to the principle of detailed baianc-

~in&, bimolecular processes that are the reverse of a unimoiecuiar decompo-

sition are subject to exactly the same pressure and partner dependence.

~The complex surfaces (Figs. 1(c), 1(d), and 1(e)) are combinations of the

I simple surfaces and are discussed later in this paper.

" Simple Bimolecular Reactions

In TST the thermal (canonical) rate constant is expressed in terms of

a single parameter, AG*, . the free energy difference between transition

state and reactants at the temperature T:

V~ T.

kB"- exp I-AG7_ /RT)()

~4
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Choice of units for k implies choice of standard state for AGT. LG is a
T T

function of temperature. This, along with the explicit first power of T in

. ... the transition state formula, implies that over any reasonable temperature

range the rate constant should be described by at least three parameters:

k - ATB exp(-C/T). (2)

It is clear that these parameters may be understood in terms of molec-

ular models for reactant and transition state and the nature of breaking

"- and forming bonds; thus, the parameters are subject to evaluative criteria

-beyond the bounds of any particular experiment. Furthermore, physically

-. [ reasonable parameters should enable rate constants to be extrapolated

beyond the measured temperature range.

The parameters most easily subject to evaluative criteria are A and B

which are related to As and AC and thus to reactant and transition state
P

structure. The parameter C, related to Al , requires potential surface

information, but can often be judged based on comparison of similar reactions.

As has been stated many times previously, AS ab initio evaluation

requires potential surface information, but limiting ranges can be deduced

* by chemical common sense, and comparison of homologous series forces a

-. certain order.

As an exampie, consider the reaction:

O3P) - + CH4 -* OH + CH3  (3)

This process has been well studied3 up to -2000 K from 300 K.

(Caution should be exercised conce-'ning results from the low temperature

experiments, since very small amounts of higher hydrocarbon impurities

5



would consume significant quantities of O-atoms.) This process has also

been the subject of analysis by transition state theory 2 d,3 and the

agreement on rate constant parameters is universal:

4.._ : [k/(cm3 mole- 1 s-) 0 T 2 0 8 exp(- 3840/T) (4)

--- 1

On an Arrhenius plot (ln k vs T-1), this expression produces a strongly

curved line that yields values of k at 2000 K that are a factor of ten

higher than would have been predicted by extrapolation of a straight line,

two-parameter, Arrhenius fit to the data in the 300 to 800 K range.

It would be inconsistent then, when considering the reaction O(3p) +

C2H 6  C2H5 + OH, to use a two-parameter expression determined in the low

temperature range. Consistency demands that a model transition state be

described, based to some extent on 0 + CH4 , which, when its parameters are

fit to the low temperature data, will automatically produce a curved

Arrhenius plot that should be described with at least three parameters.

Of course, in a particular model study, the computed property of

interest may not be sensitive to the curvature in the Arrhenius plot of any

particular rate constant. Nevertheless, if the model is to be extrapolated

to a different problem, the temperature dependences of the rate constants

should be consistent with what is understood from TST.

Two sets of bimolecular rate constant parameters for the reactions of

O-atom, hydroxyl radical and methyl radical with ethane have recently been

tabulated as follows: (There are others in the literature Ps well.)

6
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Set 14 Set II

A B C A B C

(a) 0 + C2 H6  OH + C2H5  1.82E13 0 3070 1.5E13 0 3201

(b) HO + C2H 6 + H20 + C2H5  6.31E13 0 1812 8.7E9 1.05 911

(c) CH3 + C2 H6  CH4 + C2H5  5.5 El4 0 10820 5.5E-1 4.0 4167

The rate constants one calculates from each of these parameter sets

agree to within a factor of two between 1000 and 2000 K. However, the

direction of decrease of A-factors in parameter set I is inverted from the

"' TST prediction. A-factors should decrease in this series of reactions in

going from the atom to the diatom to the polyatomic species because the

loss of rotational entropy accompanying formation of the series of transi-

tion states increases in this order. There are many examples in the model-

ing literature where relations among rate constant parameters of bimolecu-

lar reactions are inconsistent with simple TST constraints. In most cases

where these constraints have been tested, they have been remarkably

useful.
5

Simple Unimoiecular Reactions

Reactions that follow potential energy surfaces such as depicted in

1(b) may be described by the Lindemann mechanism:6

A+M A*+ M (5)

A* 2 - Products

.. -.. These reactions are always the result of energy transfer by collision of

the reactant A with both gas M (step 1 and -1) and the spontaneous decom-

position of the energized molecules (A*).

7
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In the so-called "high pressure limit", the unimolecuiar rate constdnt

may be described by TST in the same manner as were blmoiecuiar reactions;

values of the A-factors and activation energy may be eva-uated by consider-

ation of the changes that occur upon formation of the transition state from

the reactants. In general, the temperature dependence of the rate constant

may also be represented by three parameters, but often two will suffice

(see Fig. 3). Reverse bimolecular association processes may always be

computed from the overall equilibrium constant. Adequate representation of

the temperature dependence of the equilibrium constant will usually require

at least three parameters as AC for the reactions is not usuaiiy zero.

The unimolecular reactions of interest may not be at their "high pres-

sure limits", because spontaneous reaction of energized reactant (process

2) might be much faster than the collisional energizing process; thus, at

lower pressures an equilibrium population would not be maintained. Under

this condition canonical TST does not apply and the rate constant for uni-

-. molecular dissociation (and the reverse bimolecuiar association) becomes

pressure dependent (fail-off).

-". According to standard unimolecular rate theory, 6 the observable rate

constant kuni(TM), may be evaluated by averaging the microcanonical speci-

fic rate of spontaneous decomposition of energized reactant, k(E), over the

appropriate non-equiiibrium distribution function:

kuni(T,M) = jk(E) j7 T B(E) dE (6)

The effective rate of strong coilisions of reactant with bath gas is

denoted by w, and B(E) is the normalized Boltzman distribution of reactant.

-"S 8
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The microcanonical rate constant, k(E), may be evaluated quantun statisti-

cally (RRKM theory) but simpler approximations of the pressure dependence

will usually suffice for modeling purposes (see below).

In Fig. 2, actual "fall-off" curves for butane and octane at 1000 K

(on a reduced basis) are compared with the Lindemann fall-off curve. The

Lindemann fall-off curve, obtained by solution of the three differential

rate equations of the Lindemann mechanism, has a particularly simple form

explicit in pressure, viz.,

*" .Lindemann ( -1(7)kuni (I + k/k(7)

The constants, k and k. , are functions only of temperature; koM and

k. are the actual values of the unimolecular rate constant in the low-

pressure (M - 0) and high-pressure (M -) limit. The temperature depen-

dence of kO and lc, shown in Fig. 3 for a variety of hydrocarbon fuel

pyrolysis reactions, may be represented adequately by three-parameter

expressions of the same form as has been used for simple bimoiecular reac-

tions, equation (2).

Troe7 has demonstrated that accurate empirical relationships between

a,. the Lindemann and actual fail-off curves exist, viz.,

kactual(TM) O kLindemann (TM) F(T,M) (8)
uni uni

Troe shows that the "broadening factor", F(T,M), may be written in a

variety of universal pressure explicit forms of varying accuracy, the most

simple of which is:

, log F(T,M) =1 - (log koM/k.) log Fc(T). (9)

9
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In all of Troe's pressure explicit forms, the temperature dependence of

F(T,M), is carried entirely by Fc(T), the broadening factor at the center

of the fail-off, Fig. 3.

Fig. 4 shows F,(T) for a variety of fuel pyrolysis reactions; Fc(T)

may be adequately described by a three parameter function, viz.,

Fc(T) - a exp(-b/T) + exp(-T/c). (10)

This is slightly different than suggested by Troe. In the limits of zero

or infinite temperature or pressure, all unimolecular reactions approach

Lindemann behavior and F,(T) and F(T,M) approach unity.

Values of the broadening factor in regimes of pressure and temperature

relevant to combustion processes (e.g., 1-atm and 1000 K to 2000 K) are

unity for all small molecule fuels with energy thresholds around 100 kcai

moor (e.g., CH, NH3, CH20) because unimolecular pyrolysis for these small

molecules (a process Important to Initiation of combustion) is in its low

pressure limit, kuni - koM, Fig. 5. Pyrolysis of larger molecule fuels

(with thresholds around 80 kcal/moi-1 , e.g., butane and larger molecules)

also have unity broadening factors because kuni - k,. At 1-atm pressure

and 1500 K, ethane pyrolysis is at the center of the fall-off, and its cen-

ter broadening factor, also the maximum braodening factor, is around 0.2.

It seems proper then to take into account our physical understanding

of these processes by tabulating data for modeling purposes to be consis-

tent with Troe's expressions. We suggest, in complete analogy to the tabu-

lation of pressure-dependent association reactions by the NASA Stratos-

pheric Rate Constant Evaluation Panel, that for a given reaction, values of

the two sets of three parameters that will describe k. and ko, as well as

10
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the three parameters that are defined in equation (10), be tabulated.

These nine parameters used with equations (8) and (9) describe k(HT) for

the process well enough for the modeling exercise. It must be reiterated

that these formulae allow cosiderable extrapolation far from the reported

conditions.

Complex Elementary Processes

In its simplified form a chemical mechanism consists of a number of

sequential and consecutive elementary reactions. It is usual to treat

these independently in a model, describing each with k(T) or k(P,T) as

appropriate (see previous discussion). There are, however, some oft-

occurring instances in which elementary reactions cannot be separated in

the usual way. Consider the reaction proceeding along the surface depicted

in Fig. 1(c). (The barriers El and/or E2 may be as low as zero.) Such a

surface describes three processes: the unimolecular decomposition of sub-

stance Y via two pathways, the bimolecular reaction of A and B to form C

and D (and possibly Y), or the reverse bimolecular reaction. In each case

different non-thermal energy distributions (Chemical Activation) may obtain

and simple canonical TST is not applicable. However, if the pressure is

sufficiently high so that substance Y Is present in thermal equilibrium,

the competing unlmolecular processes

Y" A + B (11)

Y C + D (12)

11



may be separately described by their respective k. values, or the

bimolecular process,

A + B * C + D, (13)

can be written as the sum of the two reactions

A + B . Y (14)

Y-= C + D (15)

It is important to recognize that these simplifications do not apply for
nonthermal distributions where the lifetime of Y is pressure dependent!2d

In these cases the rate constants kj, k-1, and k2 must be specified at the

microcanonical level and the overall rate constant and branching ratios are

pressure as well as temperature dependent.

For example, for the overall bimolecular reaction between methyl

radicals,

Cli 3 + CR3  kb-'CH i H (16)

We may depict this process by the scheme:
k_ I  H• k2  +H(7

CH3 + l 3  C2 i6  ---- C2H5 + H (17)
k1 HI fl 3 1M]

C2H6

Under conditions where k2(E) < kl(E), which apply here since the

4 overall process is ten kcal mol-1 endothermic, it is easily shown6 that at

all pressures kbi - Keq 2 where Keq is the overall equilibrium constant.

Thus, we have a simple means of Including experimental determinations of

12
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kbi, since all the appropriate values of molecular parameters required to

know 4 and Keq are known or can be easily estimated.

Production of H-atoms by the methyl-methyl reaction has been advocated

as an important contributor to the dominant pathways in methane combustion.

The temperature dependence of the rate constant used in current modelingl,
4

(1014*9exp - 26.5/RT cm3 mol-1 sec- 1) is in substantial disagreement with

our calculation (1011,3 exp - 10.0/RT) which agrees with new experimental

evidence.8 Thus, although the absolute value of the rate of the methyl-

methyl reaction currently in use is correct at 1000 K, it is a factor of 16

too large at 1500 K and 64 too large at 2000 K. The consequences of this

observation may impact strongly on the methane combustion model, especially

at higher temperatures, where initiation and H-atom propagation reactions

dominate the properties of the youngest parts of a flame.

When complex surfaces, such as depicted in Fig. 1(c) give rise to sit-

uations in which k2(E) w kl(E), the overall reaction may exhibit pressure

as well as temperature dependence. The temperature dependence can easily

give rise to a negative activation energy if the ratio kl(E)/k 2(E)

increases with temperature.2d At this writing we have no simple sugges-

tions as to general tabulation of the data concerning these processes.

Multi-Channel Bimolecular Processes-Branching

The potential energy surface shown in Fig. 1(d) is the result of

recent state-of-the-art theoretical calculation for the H + N20 system
9 and

exemplifies a class of multi-channel bimolecular processes with branching

that are common in combustion chemistry.

13



The kinetics of the overall bimolecular reactions, viz.,

% H + N20 Hkb 2 ! + N2  (18)

kb13H + N20 -- NH + NO (19)

may be deduced through analysis of the unimolecular reactions of intermed-

iate HNNO.

Measures of the branching ratio, R - kbi3/kbi2, have been inferred at

-2000 K by direct observation of laser induced fluorescence from HN and OH

in a H2/N20 flame and at 873 K in a static system.1
0 The weak temperature

dependence of R (I2000K 0.04 and R873K 0.004) yields an apparent acti-

vation energy difference of only about 7 kcal/moi -I, less than half the

difference between the critical energy thresholds of the branches, 17

kcal/moi-1. Fig. 1(d).

The modeling of the observation of the very weak temperature depen-

dence of branching requires use of a hindered Gorin model transition state

for reaction channel 3. Properties of the hindered Gorin model have been

studied in the past 1' in connection with radical-radical recombinations and

their reverse unimolecular bond scission. Thus, considering channel 3 from

the point of view of the NO + NH interaction, the system geometry is char-

acterized as a prolate symmetric top as the N-N interfragment distance

decreases. The minor external rotational degree of freedom of this sym-

metric top is active and strongly coupled to the internal rotation about

the N-N axis; its moment of inertia does not change as the N-N distance

, .14



decreases. By contrast, the two major external rotational degrees of free-

dom are adiabatic. Their moments of inertia decrease drastically with

decreasing interfragment distance.

It has been customary to evaluate the effect of momentum conservation

constraints by use of the quasi-diatomic model.6  Thus, an "effective"

potential energy surface may be defined at any given temperature which con-

serves the overall rotational quantum number, Fig. 1(e). On this surface,

the dissociation energy of HNNO is less than its value at the absolute zero

by the amount (I+/I - 1)RT, where I+/I is the ratio of the moments of

inertia of activated complex to molecule. In addition to this temperature

dependent centrifugal energy effect, a temperature dependent hindrance

parameter, n, causes the entropy of the transition modes in the hindred

Gurin model to decrease with temperature.1 1 In this case the transition

modes are the two overall rotations in the separated diatomics which become

hindered internal rotors in the activated complex.

The empirical Gorin model hindrance parameter, is defined in terms of

a ratio of A-factors, AH/A - (100 - 1/100, where AR and A are A factors for

the hypothetical high pressure unimolecular reaction for the hindred and

unhindered model.

In the-case of the Channel 3 reaction, a hindrance parameter that

varies between 84 and 99% (1000 K-2000 K) has been required to fit the

observed branching ratio, kbi3/kbi2. The radical-radical interactions

modeled in the past have also required values between 85 and 99.5% (220 K-

1200 K). Thus, the ideas embraced by the hindered Gorin model, with

AH/A - 0.2 to 0.005, are appropriate for description of reactions involving

simple bond fission. The consequence of use of the hindered Gorin model to

15
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predict the pressure and temperature dependence of kb13 is to produce a

nearly pressure independent Arrhenius plot whose activation energy and

A-factor decrease with increasing temperature.

16
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CONCLUSIONS

This work is meant to exemplify the current status of the overview

that is applicable to the critical evaluation of chemical rate data for

combustion modeling. Specifically:

1. Simple bimolecular reactions should all be tabulated as a

function of temperature alone. Three parameters are

required. The parameters should be evaluated keeping in

mind the relative values of appropriate physical quanti-

ties, such as AS , AH , and ACp

2. Simple unimolecular reactions should be tabulated as a

function of temperature and pressure. It is convenient to

characterize the temperature dependence of both high and

low pressure-limiting rate constants by three parameters.

The fall-off curve can then be reproduced by a parameteriz-

ation due to Troe that requires three additional parameters.

3. Complex surfaces must be recognized and apparent bimolec-

ular processes must be distinguished from simple bimolec-

ular processes. The possibilitiues for both pressure

dependence and negative activation energies for the former

must be accounted for correctly. A simple formalism is not

yet available. Each process needs to be considered in some

detail.

'.* 1
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4. The existence of multi-channel surfaces must be taken into

account. It appears that appropriate branching ratio cal-

culations will require use of models that take into account

angular momentum conservation restrictions. A simple for-

malism for expressing these reaction rate constants is not

yet available. Each process needs to be considered in some

detail.

5. We have bypassed discussion of the important problem of

energy transfer. Collisionsl rate constants and their tem-

perature dependences must be expressed terms of the average

energy transferred per collision.12 In general, only

empirical relationships currently exist.

18
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e* FIGURE CAPTIONS

Figure 1 Schematic potential energy surfaces for:

(a) simple bimolecular,

(b) simple unimolecular, and

(c) complex elementary processes at zero degrees Kelvin. Processes

*.*,without barriers (E - 0) at OK are constrained at higher tem-

.. peratures to follow surfaces which allow momentum conservation.

' Figure 2 Comparison between actual fall-off and Lineman fall-off, on a

reduced basis: reduced pressure - Pr " koM/k. and reduced rate

constant - kr - kuni/k, . At the center of the fall-off, Pr =

kLindem a n . 0.5, and Fc 0.5/kactUaio
r r

Figure 3 Temperature dependence of ko and k1 for several fuel pyrolysis

reactions.

Figure 4 Temperature dependence of the center broadening factor for several

fuel pyrolysis reactions.

Figure 5 The pressure at the fall-off center, Pc$ as a function of temper-

ature for several fuel pyrolysis reactions and the combustion win-

dow, 1-10 atm and 1000 - 2000 K. Around 1 atm pressure, butane and

larger molecular pyrolyze near their high pressure limit and methane

.' and smaller molecular pyrolyze in their low pressure limit.
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LASER-INDUCED FLUORESCENCE SPECTROSCOPY OF NCO AND NH2
IN ATMOSPHERIC PRESSURE FLAMES

Richard A. Copeland, David R. Crosley and Gregory P. Smith
Chemical Physics Laboratory

SRI International
Menlo Park, California 94025

Laser-induced fluorescence (LIP) is a powerful method for the sensitive

detection of trace species in flames, so as to gain insight into the

combustion chemistry mechanisms. However, LIF has been applied almost

,* exclusively to diatomic radicals whereas the chemical networks contain many

species of larger size whose presence can signal definite mechanistic paths.

We describe here a comprehensive survey of the LIP spectroscopy of the NCO

molecule In a CH4 /1 2 o flame and the NH2 molecule in NH3/N20 and N13/02 flames,
_4

all burning rich at atmospheric pressure. NCO was excited in the B-X and A-X

systems In the ultraviolet and blue, respectively; the latter is such more

intense and can be more easily made free of strong interfering transitions due

to diatomics. 12 was excited n the A - j transition. Excitation and

fluorescence wavelengths furthest to the red minimize background interference

due to underlying, unidentified absorption features and flame emission.

Prescriptions for detecting these two species are presented, including a table

of excitation and detection wavelengths, as well as some general conclusions

which should be useful in extending flm LIW detection to other triato&ic and

larger radicals.
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Introduction

Laser-induced fluorescence (LIP) 1 is the aember of the fanily of laser

spectroscopic probes2 '3 best suited for the detection of trace radical species

in combustion systems. Tt possesses high sensitivity and selectivity coupled

with spatial and temporal resolution and a non-intrusive nature. Such

information is valuable for obtaining qualitative insight into the aechanisms

of the combustion chemistry, and provides sensitive data for comparison with

quantitative predictions from detailed computer models of that chemistry in

simple laboratory flames.

Consider as the atomic constituents of naturally occuring fuels H, C, N,

0 and S. All of these atoms and the 15 diatomic molecules formed from them

have been observed by LIF in low pressure discharge flows or static cells, and

tuo of the atoms plus ten of the diatonics have been detected in flanes by LIP

(for the atoms, and R2 M2 and CO one must use two-photon excitation because

their first absorption bands lie in the vacuum ultraviolet). However, only a

few of these diatosics have yet been meaningfully fit into chemical kinetic

schemes, and the flame chemistry involves many larger radicals as well.

Therefore It is Important to extend LIF flame detection capability to

larger species. Of the 35 triatomlcs which can be formed from these atoms

(not counting the chemically and spectroscopically distinct isomers such as

CN and CNC), 14 have been observed n LIF in cells or flows and another 13

are definite or possible candidates on spectroscopic grounds. However, only

four have been detected by LIF in flames. SO2
4 and NO2

5 have been detected

over wide wavelength regions but in each case the complexity of the absorption

spectrum and the laser wavelengths and bandwidth used resulted in near-

continuum-like excitation precluding definitive spectroscopic assignment.

2



NCO6 has been cleanly excited and studied, via the coincidental overlap of one

of its absorption lines with one of the fixed-wavelength lines of an Ar+

laser. M 2 ,' with a well-known LIP signature under low pressure conditions,

has escaped LIF detection in atmospheric pressure flaes in previous

experiments in this laboratory as well as elsewhere, 7 although unpublished

* results indicate it can be excited weakly with the frequency-doubled line of a

Nd:YAG laser.8 However, while it can be very convenient, such fixed-frequency

excitation does not permit optimization of detection under a variety of

conditions including potential intefering absorptions, and cannot be relied on

as general for other molecules. NH2 has also been detected in atmospheric

pressure flames by absorption of laser radiation directly9 and

optoacoustically1 0 but these methods do not have the pointwise spatial

resolution attribute of LIF.

We have performed a survey of the LIP spectroscopy of the NCO and NH2

molecules in atmospheric pressure flames, using lasers and detection systems

'a.] tunable over a wide range of wavelengths. The burners and gas mixtures were

chosen to optimize conditions for the spectroscopic studies, but the detection

strategies developed can be later used on burners better suited for obtaining

profiles for comparison with theoretical models.

NCO and NE2 were chosen for study for two reasons. One is the existence

ii . of considerable spectroscopic information from previous studies, both in

conventional spectroscopy and LI experiments. This has not only facilitated

initial detection but also permitted more general conclusions and extensive

comparison. (In this connection, it is noteworthy that all the species,

* regardless of sixe, which have been detected by LIF were first studied

spectroscopically n flame or plasma discharge emission or in flash photolysis

absorption.) On the other hand, the use of LIP in flames has provided new

3



spectroscopic Information for NCO not previously attainable, as described

below.

The other reason is the intrinsic potential Importance of these radicals

in certain combustion chemical networks. ICO has been postulated as an

intermediate in the formation of NOx from fuel-nitrogen
1 and was found to be

present n copious quantity in CH4 /N2 0 flames,6 pertinent to nitramine

combustion. 3R2 has been suggested as an intermediate in the production of

prompt-No 1 2 and in the amioni de-NOX process. 1 3

We present here a description of our experiments. Because of the large

imount of data on excitation and fluorescence spectra involved, we can include

only a condensed version of the results. We hope that this will serve as an

adequate guide to LII detection df these two species in combustion experiments

in other laboratories. In addition, we plan to assemble later in report

form 14 a LI spectroscopic atlas of the wavelength regions covered in these

flames, including excitation of several diatomics whose fluorescence must be

filtered out. We include some general observations from the experiments which

we hope will prove useful in extension of LIP detection in flames to other

triatomics and larger molecules.

Experimental set-up

:4 Several burners were tried: a McKenna products porous plug burner, a

small flat flame burner with I -a holes in the surface, a glassblowing torch,

and a knife-edge slot burner patterned after a design explicit for laser

probing.1 This last burner, which presents a saddle-point-shaped flam and

easy laser bean access underneath the reaction zone, proved the easiest to use

and provided the largest signals for these spectrocopic experiments. The

44
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* flmes were run rich, so as to yield larger quantities of the oxygen-poor or

oxygen-free radicals of interest. The relative flow rates used in most of the

experiments were: CH4 : N20 : N2 - 1.0:3.5:2.7; N3:N20 - 5:3 ; NL3 : 02 - 2:1
V.

The first step In each case was measurement of the emission spectrum of

each flams. In addition to the spectroscopic overview provided, this served

I.-.* two specific purposes. The first was the selection of gas mixtures yielding

strong radical mission (the ground and excited state radical concentrations

are not necessarily proportional but this was a useful guide). The second was

the choice of detection wavelengths minimizing interference and noise from

falm emission. In the case of C1 4 /N2 0, no NCO emission could be seen but

there were clearly favorable regions between different vibrational sequences

of the CH, CH and C2 emission. The N13/N20 spectrum, apparently not

previously described, was similar to that of the M93/02 flame, and consisted

of Oi, E and NE2 bands, with the NR2 about half as strong, compared to the

diatomics, for the N2 0-based flme as in the 02 -based flame. Here, the

potential interference is 1E2 itself (and perhaps unassignable M02

underneath); the spectra suggest it is minimized as one operates furthest to

the red.

The LIF arrangement was standard, with the laser bean passing through the

movable burner and the fluorescence focussed at right angles onto a

spectrometer, sometimes filtered with colored glass. An XeCl-pumped dye laser

with typical pulse energy 91 - 3 WJ, bandwidth &; I 0.3 ca and repetition

rate rt - 100 Rs was used for the blue (h-X) NCO excitation, and a Nd:YAG-

pumped dye laser (r± - 10 Hz) was used in the fundamental

( - 30 Wi, Av I a 0.15 cm 1) for NE2 and frequency-doubled (El - I MJ,

,&; 0.25 cm- 1 ) for NCO 5-X. The pulse length of each laser was 10 usec,

A and the signals followed the laser in time. A 0.35 a spectrometer with

5
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dispersion 22 A/m and cooled EMI 9558 Q photomultiplier were used for NCO

A-X; the slit was aligned parallel to the laser beam. A 0.75 a spectrometer

(11 A/rn) and uncooled 9558 or red-sensitive RCA 31034A photoultiplier were

used for NCO B-X and NH2 ; here the beam and slit were perpendicular.

The photouliplier signal was amplified a factor of 100 using a Pacific

video 2A50 preamp (50 9 In and out) and fed to a gated boxcar integrator with

a 20 neec gate. This mode of fast pulse operation was always preferable and

often essential to maxi ize the LIF to background emission ratio, in

comparison with higher input Impedance (e.g., 1IM) and a longer gate

(1 psec). Even so, care had to be taken to keep the photoultiplier operating

voltage low enough that the tube did not saturate under the continuous flame

emission current. An oscilloscope proved useful for signal searching and

monitoring. The boxcar output was then fed to a scanning stripchart

recorder. The laser beam energy was continually monitored in a second boxcar

channel.

During some of the NH2 runs, where absorption due to unidentified bands

and/or species appeared present, a half-inch microphone was mounted near the

burner to optoacoustically1 0 monitor the total absorption.

NCO radical

A" The NCO LIF spectrum over the range of one laser dye is illustrated in

Figure 1. The top two scans are noise-free at this sensitivity, and

concomitant excitation of CH, CM and C2 in this region is not seen due to the

choice of fluorescence wavelength. The top scan shows the overall pattern,

increasing sharply in intensity as one scans to shorter wavelengths through

the electronic origin (000-000) near 440 nm. The transition from 000 to the

6
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first allowed excited vibrational level (100) of A2E+ occurs at 416 a; the

observed fluorescence for X < 437 am thus is hot bands, originating from

vibrationally excited levels in the ground state. Because the laser power is

beginning to drop for X < 430 nm, the bands in this region appear much less

intense in Fig. 1 than they actually are.

A 4 am portion showing the four heads of the 000-000 band (marked by

arrows) as well as other bands, is presented in the middle panel. In turn, a

0.45 am section of this, exhibiting Individual rotational lines of the °P12

satellite branch, is given in the bottom scan. Interestingly, the 0P12 head,

which occurs for J near 70, is barely discernable in room temperature flow

system LIF spectra 1 6 (see Ref. 1 for a comparable scan) but is very marked in

the flame.

The overall excitation spectrum throughout this region is clearly

congested and complex, due largely to the significant fractional populations

in vibrationally excited levels of the ground state at flame temperatures. In

order to make quantitative measurements of NCO concentrations (even relative)

it is necessary to have individual, assigned rotational lines at the level of

resolution of those in the bottom panel of Fig. 1, due to the variation with

temperature of population in a given v, J level. We have mapped a portion of

the region X C 440 am but have concentrated attention for hot flames on bands

'i to the red, involving vibrationally excited levels whose excitation spectra

are much less congested.

The vibrational level structure in the X, A and B states of NCO is

illustrated in Pig. 2. A brief structural and spectroscopic description of

NCO follows. (Details may be found elsewhere. 1 4 , 1 6 - 1 9 ) It is a linear

molecule with two stretching (vI and v3) and one degenerate bending vibration

7



(v2). The electronic orbital angular momentum of the ground fl state couples

with the vibrational angular momentum I of the bend (1 - v2, v2-2, v2-4,..., 0

or 1 as v2 is even or odd), yielding a total angular momentum K exclusive of

spin. The states of different I split according to the so-called Renner-

Teller interaction. This yields states of II symmetry for v2-0, 11 and t for

v 2 -2; and Z and A for v 2 -1. The spin angular momentum of this doublet

molecule then interacts to produce spin-orbit-split components. In states

where v2-0, this yields 213/2 and 21 1/2 components like those in OH. In the

transition to the upper A2t+ state the 211/2 spin-orbit component yields four

discernible rotational branches branches, °P12, P2 + q121 q2 + QRi12 and R2

with two heads; the 2113/2 component has the P1, Q2 + qP2 11 RI + R21 and SR21

branches with two heads (see Figs. 1 and 3). Transitions originating from the

E levels where v2-1 have only P and R branches; two heads arising from

excitation out of the higher E level (labelled K2 Z-) are seen in Fig. 3.

Transitions from higher E,1I and A levels have also been observed but will not

be described here.

Figure 3 exhibits an excitation scan of the 000 * 100 band which appears

the most convenient for flame diagnostic measurements. Individual lines of

this and of other bands were readily assigned from the 000-000 absorption

spectra of Dixon. 1 7 The R2 and Q2 branches at 466 am are the best

" individually resolved for quantitative measurements whereas the intense P

14. head is the best for signal searching. Line strengths may be calculated

form standard diatomic-like 2 E+- 2 formulae. Radiative lifetimes and

Franck-Condon factors, needed for vibrational band intensities, have been
.. 1
• ""separately measured. 1 6

The excitation scan of Fig. 3 was made with a monochromator bandpass of

4 am centered on the 000 * 000 emission at 400 a. This relatively narrow

8
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bandpass is needed to filter out flame emission and strong fluorescence from

laser-excited C2 in this same region. The need for careful setting of the

monochromator, and the dual selectivity of LIF with variable excitation and

detection wavelengths, is shown in Fig. 4. The bottom scan shows the oP1 2 and

P2 heads, plus Q2 and R2 lines of the 000 + 001 band observed via 000 + 000

emission. When the monochromator is tuned to the 010 + 010 emission band only

5 nm way, the 001 excitation greatly decreases whereas the P, and P2 heads of

the 010 + 011 K2E- transition near 478.5 na, and the 010 4- 011 25/2 component

near 478.2 stand out (top scan). (Here, the °P1 2 head is still rather

apparent; it involves high-J levels emitting Q and R branches at shorter

wavelengths.)

Table I lists the excitation bands which have been observed for the A-X

system and the emission bands furnishing the strongest signals free of

interference from any diatomic LIF with excitation lines in the same region.

Previous conventional room temperature absorption spectra
17 ,1 9

originating from the lowest levels (000 and 010) have been of key Importance

enabling the present LIF search. However, the combination of the laser

excitation and flame environment has also furnished new high-resolution

spectroscopic information in excited vibrational levels of X2 fi. The band-

-, head separations P2-Q1 depend largely on the spin-orbit splitting constant A

whereas the OP1 2 -P 2 separation furnishes a measure of the rotational constant

B. The actual wavelengths were calibrated by changing the observation

wavelength so as to excite previously measured or readily calculated bands of

CH, CN or C2 in the same wavelength region of the laser. We find by fitting

the band heads that the magnitude of A (in cm- , with typical 0.3 cm- 1 error)

decreases with v, and increases with v3 : A00 - -95.5; A10 0 - -90.0;

A20 0 -- 71.8; A00 1 - -97.3; A10 1 =-92.6. The Renner-Teller splitting also

9
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varies with stretching vibrations. To our knowledge, this represents the

largest range of vibrationally-dependent A-values for a triatomic. A full fit

and the results will be separately published;2 0 we note these values to

illustrate the spectroscopic potential of LIF in flames.

The B-X system1 8 of NCO appears attractive for diagnostic purposes due to

the shorter lifetime of the BAli state 2 1 although its fluorescence is spread

over many bands 16 in contrast to that from the A2 t+ state which is

concentrated in a few. Scans through the 000-000 band near 315 m showed it

to actually be decidedly inferior to A-X. The B-X fluorescence was very weak

by comparison and only the R and R 2 heads, with indefinite J-values, could be

discerned. Within the 1.5 nm region around these heads are also strongly

interfering excitations in the 0,0 and 1,1 bands of OH A-X, the 1,0 and 2,1

bands of NH A-X and a band of CN B-X. We recommend the A-I system for flame

diagnostic purposes.

NR? radical

The ground X B1 state of NH2 is a bent, assymetric top with an angle of

0 2
103 while the A A1 state may be described as linear, corresponding to a 1

electronic level. This large difference in equilibrium geometries leads to

large changes in the bending quantum v 2 for intense bands. v 3 must change by

two units due to symmetry considerations, leading to bands too far to the red

to be seen here. In the ground state, the rotational levels (ignoring spin)

are described by the total angular mementum N and its projections: Ka along

the axis parallel to the H-N-K linear axis and Kc perpendicular to the

molecular plane. In the excited state, Ka is (as in X 2 n NCO) the sum of one

unit of electronic orbital angular momentum plus the vibrational angular

10
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momentum; it thus takes on even values (0,2,...) for odd v2 ' and odd values

for even v 2 '. The selection rules are AKa - 1, and AKc - even with zero the

strongest. The most intense features are the PQlN heads of the so-called E

bands (odd v2') and the RQON heads of the 11 bands (even v2 '). These produce 3
..i

and 4 emission branches respectively. Because of electronic spin, each branch

is double, and nuclear spin statistics produce a 1:3 population ratio in

alternate ground state levels.

Figure 5 exhibits the vibrational levels pertinent to flame diagnostic

LIF. The basic spectroscopic source for NH2 is the absorption study of
222

Dressler and Ramsay, and there are several useful recent conventional

spectroscopic2 3 and flow system LIF2 4 - 2 7 studies. The emission and LIF

spectrum extends throughout the entire visible region, with a maximum

intensity near 590 nm.

In the flames studied, the absolute NH2 signal level has been adequate

but major noise sources are posed by background flame emission and a complex,

thus far unidentified, LIF excitation spectrum (perhaps NO2 and/or hot bands

of NH2 , also observed optoacoustically) underlying the assigned features.

Kost of our effort has been devoted to optimizing the desired signal in the

midst of this background. Of course in other flames such as hydrocarbon-air,

different interference problems may be present. Figure 6 shows a typical

excitation spectrum and a scan of flame emission in the same band.

Interference from flame emission can be minimized by using narrow temporal,

spatial, and wavelength resolved detection of LIF in the redder bands.

Altogether we have investigated 8 excitation bands between 570 and 660 am.

The most intense fluorescence, about 2/3 of the total, occurs in the

vlv 2 0 * 000 band in each case; the remainder is typically spread over the

terminal X2 010, 100, and 020 states with a smaller amount in 030. When

11
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the Vlv 2 0 + 000 band is excited, observation in the sane band requires

narrower spectrometer slits to discriminate against the the laser scatter, so

that only one of the fluorescing rotational branches may be detected at one

time. The NH2 appears not to undergo significant energy transfer while in the

upper state, but emits primarily from the pumped level (see below). Thus the

coarse rotational structure of the t ransiton means that R or P branch

fluorescence following Q-excitation will occur at different wavelengths for

different N', requiring scanning of the spectrometer together with the laser

for an excitation scan. This phenomenon was observed for 090 excitation.

The underlying background LI, and total absorption measured

optoacoustically, makes it inadvisable to obtain flame profiles for NH2 by

simply parking on one excitation; rather a scan through the head as in Fig. 6

should be made at each position. Observation of the bands red of the laser is

generally preferable, so as to reduce flame emission interference. This also

permits wider slits centered on a Q-head, and eliminates the double-scanning

problem noted above. Excitation of v 1 V2 0 from 010 or 100 and observation of

viv 20 + 000 yields comparable intensities to the opposite scheme but flame

emission is worse when observing the bands at shorter wavelength. In general

it appears best to both excite and observe as far to the red as possible to

avoid the background problems, even though the band intensities become weaker

for lower v2'. We recommend excitation of 080 or 070 for flame diagnostic

purposes.

Figure 7 exhibits a scan of the 070 + 010 fluorescence following 070 .

000 excitation. Here the laser pumps overlapped lines of one of each doublet

component of the 505 and 303 upper state levels. It can be seen from the

resolved PPI,N-1 branch that only the pumped levels emit. The lack of

transfer to the 4 level is a symuetry-forbidden collisional propensity 2 4- 26

12



but transfer to the allowed I01 level is not seen either. A similar scan of

the 090 band, however, does show evidence of limited rotational energy

transfer from the 3 upper state level. More detailed examination of several

levels is in progress.

In the flames studied, the concentration of NH2 is likely high
9 , between

10 10 1 5 cm3 and comparable to [OH] in these rich flames. The NH2 peak

at the flame front whereas the OH persists into the burnt gases. As a rough

guide to overall signal levels, we have compared optoacoustic total absorption

and LIF intensities for exciting the 1,0 band of OH (PL7) and the 0, 10, 0

band of NH2 ( oe head). The appropriate oscillator strength for the Na2 9

about 1/3 of that for OH.28  LIF is observed in the 0,0 Q-head region of OR

(- 80% of total emission) and 0,10,0 + 0,2,0 (- 10%) for NH2 - Normalized to

unit laser pulse energy, the OH optoacoustic signal (absorption) is about 40

times that of NH2 and the OH LIP is about 250 times larger. This suggests

similar fluorescence quantum yields in these flames. NH2 is known to undergo

fast quenching even by He 2 4 , while OH has rapid quenching rates for NR 3 , N20

and R20 as collision partners.29  Raman signals for NH3 and H20 comparable to

the weaker NH2 fluorescence bands were observed high and low in the flame,

respectively.
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Table 1. EXCITATION AND FLUORESCENCE WAVELENGTHS

NCO BAND A (P? HAD) A (OBSERVE) NEI BAND A(Q-HEAD) A(OBSERVE)n

000+000 440.35 465.0 0,10,04'000 571.0 6 20C, 687, 697

000.100 466.42 440.0 090000 597.9 6 56d, 726, 7400

000001 481.09 440.0 0,11,0+010 591.0 543f

0004-200 495.60 437.5 0,12,0+020 607.2 516f

000.101 511.71 437.5 080.000 630.2 695, 774 e , 790*

010+010 p2t+ 435.06 462.5 170100 651.2 538 f

010O-I0 2A 437.56 462.5 0,11,0+100 655.7 543f

S 010010 2 -  438.48 462.5 070.000 662.1 735, 824,

010.0202t-  444.80a 435.0

010+010 A+ 448.35 40.0

010.110 lZE+ 460.61 435.0

010.1102A 462.22 435.0

010.110 lc2t- 464.56 435.0

010+011 02t+ 474.36a  435.0

01,'11 2A 477.37 435.0

• o1oo11 2,,- 478.16 435.0

Ofteliainazy Identification; final confirmation awaits a detailed rotational analysis.

btands listed are emission to 010, 020, and 100 respectively except where noted.

C-mission at 575 also usable (0,10,0.000)

dgmlsson at 603 also usable (090.00).

.Calculated wavelength, but not studied in tis work.

-

fv1v 04000 fluorescence wavelength.

*142
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Figure 1. LIF scans for A-I system of NCO in CH4 /N 2 0 flame. Fluorescence is

'collected at .465 a with a 4 ta bandpass. Top scan: total

excitation spectrum over the full range of one laser dye (Coumarin

440), not normalized to laser power. Middle: 4 am portion

covering the 000-000 band, with Q1, P1 , P2 and °p1 2 heads (left to

right) marked by arrows, and hot bands at shorter wavelengths.

Bottom: region from P2 to 
0P12 head (0.45 um) showing rotationally

resolved °P branch.

Figure 2 Pertinent vibrational levels of the B, A and X states of NCO. Note
the breaks in the energy scale. Levels are arranged for clarity

according to value of v2 . Those with v2 - 0 have 21 symaetry

(2al1/2 and 2n3/2) in the X and B states and 2+ in the A state.

For v2-1 in X, there are 4 levels: 2+, 2A3/2 and 
2A5/2 (not

separated in the figure), and 2+ In order of decreasing energy.

* For v2-2 in X, there are also 4 levels: 
2a-, 2 7/2 and 2 5/2, and

* . 2e. In the A state, v2 =l has 2n symetry and v 2m2 has 2E+ 2E-

and 26, all close together.

Figure 3 Excitation scan, detecting at 440 om with 4 na bandpass, through

the red end of the 000-100 band. The two heads of the 010+10 2E-

transition are also marked.

Figure 4 Excitation scans with detection wavelengths as marked and 4 am

bandpass, showing the difference depending on observation region.

Bottom: 000001 band seen observing 000+000 emission: P 12 and P2

heads plus R2 and Q2 branches as the laser wavelength is

decreased. Top: tuning to 010+010 emission to pick out 0104011

transitions originating from K2E- near 478.5 na and from 2A3/2 near

478.2 na. The °P1 2 head decreases less than the P2 compared to the

bottom scan because it occurs at higher J levels which emit more to

the blue. Running throughout the spectrum are some small

unidentified lines belonging to neither of these transitions.

17
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Figure 5 Vibrational structure in NH2: the 6 lowest levels having v3-O in

X 2B1 and the 7 levels in A 2 1A for which LIF vas observed in

this study. Note the break in energy scale.

Figure 6 Top: LIF excitation scan through the most intense portion of the

080-000 band with several lines marked. Each is present as a

doublet due to the spin-doubling; note that the upper state

perturbations render the doublet splitting irregular with N'.

Bottom: flame emission spectrum in the same region, using 25 pm

slits in the 3/4-m spectrometer.

Figure 7 Fluorescence scan of the 070-010 band following excitation near 660

a in the 070-000 band. The laser is overlapping one doublet

component of the 505 515 transition and the other component of

303+313 in that band, so the fluorescence seen here consists of

branches from each level. Note the absence of significant

rotational energy transfer as evidenced by the presence of only two

lines in the PP1,N-1 branch.
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PRESSURE AND TEMPERATURE DEPENDENCE
OF UNIMOLECULAR PROCESSES:

AN APPROACH FOR COMBUSTION MODELERS*

C. William Larson, Roger Patrick, and David M. Golden
Department of Chemical Kinetics

SRI International, Menlo Park, CA 94025

ABSTRACT

There exists a well recognized need for a critical overview of the

rate data that goes into combustion modeling. Modelers should be able

to consult tables of parameters for combustion-relevant reactions that

would enable the calculation of relevant rate constants as a function of

temperature and pressure over the entire range of interest: 1000 K to

2500 K and 0 atm to 100 atm. A complete tabulation would include both

uni- and bimolecular reactions; in this paper we focus on the analysis

of unimolecular reactions. The approach is illustrated with unimolec-

ular "fall-off" calculations for formaldehyde, methane, ethane, butane,

hexane, and octane.

*This work was supported by the Army Research Office, Contract

No. DAAG29-80-K-0049.
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I INTRODUCTION

The uniaolecular pyrolysis reactions of hydrocarbon molecules and

radicals that occur in combustion depend on temperature and pressure in a

complex manner dictated by (1) the complexity or size of the molecule or

radical, (2) the threshold energy for reaction, and (3) the details of the

intermolecular energy-transfer processes.

In the simplest model of unimolecular reactions, the Lindemann-

HInshelod reaction scheme, energization by collisions, is followed by

reaction of energized species, A

A + M A +M

A * Products

Solution of the differential rate equations in the steady-state

approximation produces a particularly simple expression relating the

reduced unimolecular rate constant, kr, to the reduced pressure, Mr:

Here, kr is the ratio of the unimolecular rate constant at pressure M to

its value as M -: - l/k.. Also, r - ko/k,. )M, where o[M] is the

value of the unimolecular rate constant as MN* 0.

Since the Lindemann-Hinshelwood model neglects the pressure depen-

dence of the relative populations of the manifold of energy eigenstates of

A*, as well as the differential depletion of these populations by reaction

of A*, it predicts that kr will "fall off" from its high-pressure limiting

2
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value more slowly than is observed. The quantum statistical RRKM theory

corrects this deficiency.

Troe has developed an approach for modeling the pressure and temper-

ature dependence of unimolecular reactions of ethane and smaller molecules

based on use of a "corrected" Lindemann-Hiashelwood model. In the Troe

approach, the corrected reduced unimolecular rate constant is defined by:

k" +r. F (2)krr!r

Thus, Troe calculated values of kr, ko , and k using a UR! model,

and developed simple formulae for expressing the "broadening factor," F,

as a function of temperature and pressure. The value of the Troe approach

lies in its retention of the simplicity of the Lindemann-Einshelwood form

and the ease with which it may be used to model unimolecular reactions of

molecules important in combustion.

In this paper we have applied the Troe approach to the study of the

temperature and pressure dependence of unimolecular reaction by fission of

the central carbon-carbon bond in ethane, butane, hexane and octane and of

the carbon-hydrogen bond in methane and formaldehyde. We have not, as of

this writing, carried out the important calculational studies of the

effects of inefficiencies in collisional energy transfer, but we will dis-

. cuss some aspects of this problem qualitatively at the end of the paper.

II METHOD OF CALCULATION

For the calculation of the reduced unimolecular rate constant as a

function of temperature and pressure, we have used the RRIO quantum statis-

tical model. Molecular vibrational eigenstate densities were calculated

3

, ,. , . . , . . ..-.................... '....-..•*..*....*...'..'..'.. ... ... ,*.,..,.* ..-. ,%.



with use of the Whitten-Rabinovitch2 approximation, and anharmonic correc-

tions were made according to the procedure developed by Haarhof.3 Vibra-

tional eigenstate sums for the activated complex were calculated with use

of an exact count routine. Overall rotational degrees of freedom were

treated as adiabatic.

Frequency assignments for alkanes were based on the generalized

normal-mode study of C2 to C12 saturated hydrocarbons of Schachtschneider

and Snyder4 as adapted for use in RRF. calculations by Chua and Larson.5

Frequency assignments for activated complexes were made so as to fit

high-pressure limit A-factors: log A. - 16.3. One 950 ci-l C-C stretch

frequency was deleted from the alkane assignment (reaction coordinate) and

5 frequencies in the alkane (4-bending modes and 1-torsion which are asso-

clated with the breaking C-C bond and which become overall rotations and

realtive translations in the products) were lowered, until the correct

valve for A, was obtained. Figure I shows how the calculated V.. for

ethane compares to determinations reported in the literature.
6- 1 1

Collsion frequencies were calculated based on a Leunard-Jones model;

collision diameters of 5 to 6 A and a value of C/k of 173 K were used for

the N2-alkane mixtures.

* Threshold energies for central C-C bond rupture of butane, hexane,

S.' and octane were fixed at 80.0 kcal mol-1, for ethane at 87.7 kcal tol " I ,

for methane at 105 kcal mol"1 and for formaldehyde at 90 kcal mol " 1 .

III RESULTS

Arrhenius plots of the UM calculated high- and low-pressure rate

' constants, k and ko, are shown by Figure 2 for the ethane through octane

*44
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series. The characteristic curvature in the low-pressure plots is especially

pronounced for the larger molecules; the low-pressure rate constant for

octane is nearly temperature independent at high temperature. By con-

treat, the high pressure Arrhenius plots are only slightly curved upward;

thus, high pressure activation energies between 1000 K and 2500 K increase

by only about one kcal 3ol

Figure 3 shows a comparison between the Lindemann-Rinshelvood fall-

off curve and those calculated with the RRKH model for octane and butane

- .at 1000 K. The broadening factor at the center of the fall of curve, Fc,

N.is defined at Mr - 1 as the ratio of the kr calculated by RRI to kr cal-

culated with the Lindemann model.

Figure 4 illustrates the pressure dependence of the fall-off broadening

parameter of octane at 1500 K and 2500 K. The asymmetric "Gaussian-like"

shape is typical of all molecules and the minimum value of F is found only

slightly to the low pressure side of the "fall off" center: Fc 2 Fminimum .

Also, the pressure range over which the deviations from Lindemann fall-off

behavior are significant spans several orders of magnitude.

Figure 5 shows the temperature dependence of the central broadening

parameter, Fc(T) for the five alkanes and formaldehyde. The figure shows,

and the Troe approach predicts, that the central broadening factor

approaches unity at the zero and infinite temperature limits. Also, Fc(T)

for the larger molecules passes through a minimum near 1000 K; the minimum

deepens and moves to lower temperatures as the moleculer size increases.

*1 ~ 5



IV DISCUSSION

The temperature dependences of high and low pressure-limiting rate

constants, ko(T) and k.(T), illustrated by Figure 2, and the temperature/

pressure dependences of the Troe broadening factor, F(T,M), illustrated by

Figure 4, provide all the information required to write parameterized

analytical functions that enable facile calculation of the unimolecular

rate constant, k(T,P).

Rish and Low Pressure Limits

The limiting rate constants are easily written in the customary way

as 3-parameter functions of temperature:

ko(T) - ATa exp-B/T (3)

and c* (T) - CTm exp-D/T (4)

Figure 2 shows that C and D are very close to the high-pressure Arrhenius

A-factor and activation energy, respectively, and that a = 0.

The curvature in the Arrhenius plot for ko, which is more pronounced

for larger molecules, is representable to within 1% by the nonlinear,

3-parsimeter expression. Table I sumarizes the results of parameter eval-

uation from least squares fits of these expressions to the k. and k.

calculated from RR1 theory. The nonlinear regression algorithm given by

Bevington1 2 was used in this evaluation.
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Table 1

VALUES OF PARAMETERS FOR REPRESENTATION OF
HIGH AND LOW PRESSURE RATE CONSTANTS

[ko(T) molecule-cm-3-sec - 1 , and k(T), sec - 1 ]

1000-3000 K

Molecule in A n B/1O3 (K) in C m D/1O3 (K)

Ethane " 85.57 -11.22 207 38.37 0.246 185

Butane 131.39 -17.15 180 38.84 0.028 167

Hexane 97.74 -13.52 124 38.84 0.028 167

Octane 43.12 - 7.28 66 38.84 0.028 167

Broadening as a Function of Pressure
Troe presents three forms as successive levels of approximation to

express the pressure dependence of F in terms of Fc:

(1) Symetric broadening about M. - 1.0:

log 71 - 1 + [(log Mr) log FC  (5)

(2) Including width broadening:

( , log M r 2 lo (6log F2  + log Fc  (6)

(3) Including width plus asymmetric broadening:

for Mr > 1:

log Mogr - 0.12 2l
log F3 I+ 085 -67 iF log Fc  (7)

7
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for M < 1:

10 ( l °SMr 0.12) log F (8)

9o F3 - (I + L.O- .6 -o 1W (8o)

Figure 6 shows how the broadening factor from Troe's highest level

approximation, 13 (Troe), compares to the RRDM calculated broadening,

F (iRDI). The figure shows that the Troe expression predicts F (M) to

within 30% for all molecules over the pressure and temperature ranges

studied. The simpler expressions (Eq (6) or (7)) are less satisfactory

- and, since they are not significantly easier to use, they are not recommended.

Center Broadening as a Function of Temperature

Troe has suggested a 4-parameter expression to describe the temper-

ature dependence of Fe as follows:

Pc (T) - exp(-T* /T) + exp(-T/T***)

+ a( XP(-T/T*)-exp(-T/T***)) (9)

We have evaluated the performance of a similar 3-parameter, 2-term

expression,

F,(T) - a (exp(- biT) + exp(= T/c) ) , (10)

and find that a, b, c values listed in Table 2 reproduce the RRK4

calculated ?,(T) shown by Figure 5 to within better than 15%.

4,, : , . ,., . " '""." ".. ". ." " " ."" . "" ". ." " ".. . • ". .". .. .",".-"•"' . . .
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Table 2

VALUES OF PARAMETERS FOR REPRESENTATION OF
Fc(T), 1000-3000 K

m Molecule a b (K) c (K)

Formaldehyde 0.348 301 811

Ethane 0.352 1966 616

Butane 4.95 7618 465

Hexane 2.88 5504 306

Octane 2.61 4613 141

Thus, the 6 parameters of equations (3) and (4) (A, n, B, C, m, D) contain

* the information required to construct Lindemann fall-off curves and the

three parameters of equation (10) contain the information required to cor-

rect the Lindemann fall-off to the more realistic fall-off predicted by

the RRKM model.

Weak Collisional Energy Transfer

In the preceding calculations, we have made use of the strong colli-

sion approximation. In order to model weak collision processes, it is

necessary to make two specifications: (1) the form of the function relat-

ing the probability of energy transfer during a collision to the amount of

energy transfer and (2) the average amount of energy transfer per collision.

Troe has examined weak collision models for a variety of molecules

and found that the center-broadening factor in weak collider fall-off was

related to the strong collider fall-off by the empirical approximation

we 0.14 Fsc
c c

9
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Here, is the collisional efficiency, defined by k - kWC/ksc, where k

is the low pressure-limiting rate constant for the weak collider. Thus, 0

becomes a scaling factor in the reduced pressure appropriate to weak collider

fall-off:

we " sc
Pr k 0 M/k P rc

Troe's approximation shows that computed fall-off behavior in weak-collider

systems is much more sensitive to the absolute value of 0 used as a scaling

factor in prw c than to the additional broadening brought about by the weak
r

collision model.

Relevance to Combustion

As a first approximation to weak collision fall-off calculations, we

may ignore weak collision broadening. The more important parameter, 0, as

a scaling factor in Pr, is retained and, in a 'Lindemann-like" approxima-

tion, the weak collider model reduces to a quasi-strong collider model

where the probabilities that a collision will be either strong or elastic

are 0 and I - 0, respectively.

The evidence on the temperature dependence of 0 is mixed 3 and, for

the moment, we will ignore this very imporant aspect of the problem.

Figure 7 shows the relationship between temperature and weak collider

pressure at the center of the fall-off Pc , for each of the molecules

studied. To define the pressure axis, the quasi-strong collider model

with - 0.1, independent of temperature, is used.

10a.
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A "combustion window" may be defined by the pressure range (1-100 atm)

and temperature range (1000-2500 K), which are relevant to combustion pro-

ceases. Thus, a molecule whose P vs. T curve passes through the combus-

tion window exhibits its maximum deviation from Lindemann behavior within

*this important pressure and temperature range. At pressures two to three

orders of magnitude above or below their Pc vs. T curve, the molecules are

in their high- or low-pressure limits.

Larger molecules enter the window at higher temperatures where their

.. Fc values are larger. Thus, values of Fc within the "combustion window"

are greater than - 0.2 for all molecules of the current study. For mole-

cules larger than butane, fall-off need be considered at temperatures

greater than about 2000 K. Below 1500 K, the larger molecules are in

their high-pressure limit. For methane and ethane, maximum broadening

occurs at about 1500 K, and fall-off considerations are important at all

combustion temperatures. For formaldehyde at 1500 K, a weak collider

pressure of - 100 atm would be required to bring its decomposition to the

center of the fall-off. At 1 atm, formaldehyde pyrolysis is in its

second-order limit at temperatures greater than 1000 K.

Competitive Multiple Reaction Channels

Ethane and the higher alkanes contain multiple dissociation channels

for C-C and C-H bond rupture which have not been considered in the present

calculations. Generally, C-H rupture is 10-20 kcal mol1 more endothermic

than C-C rupture. Under conditions where C-H and C-C rupture are both in

the high-pressure limit, C-H rupture (per C-H bond) may amount to as much

as one-half percent of C-C rupture (per bond) at 1000 K. At 3000 K, the

C-H rate approaches 20 percent of the C-C rate on a per-bond basis.

p.. 11
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In the fall-off and low-pressure limits, C-H rupture would tend to be

less competitive with C-C rupture. However, it is important to note that

at pressures lower than the high-pressure limit, different dissociative

channels cannot be treated as if they were independent of one another.

For example, in the dissociation of ethane, two processes that require

consideration are:

C2 H6 * 2 CH3  (a)

C2 H6  C2 ! 5 + H (b)

It would be inappropriate to use a "fall-off" curve for channel (b) that

was derived in the manner described here for a single-channel process,
since at pressure below the high-pressure limit, competition by channel

(a) would lower the rate constant below that predicted by such a treat-

ment. A more correct treatment for multi-channel processes is currently

being developed.

Computer Code for Inclusion of Unimolecular Fall-Off

The computer codes for solution of the coupled differential equations

which are generated by a chemical mechanism requires the elementary reac-

tions and their rate constants. The value of retention of the Lindemann

form for unimolecular processes is made apparent in the simple code it

generates for computing both the temperature and pressure dependence of

, these reactions. Thus, in the case of ethane, we would write:

(1) C2!6 o C33 + C 3  kdiss - w - p )- F

(2) CH3 + CR3  C2 6  krc - k( I - P-1) -1 F K
r eq

12
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The "fall-off" behavior of the rate constant for the reverse recombina-

tion, krec(TP), is related to kdiss(T,P) by detailed balancing,

-eq kdiss/krec"

Conclusions

The initiation of combustion is governed by the reaction that pro-

" duces an H-atom, i.e., the unimolecular decomposition of the fuel. These

calculations indicate that both methane pyrolysis (CH4 * CH3 + H) and

ethane pyrolysis (C2H6 + CH3 + CH3) are near their maximum pressure

,- sensitivities at combustion temperatures. A simple computer code is pre-

sented to include the pressure and temperature dependence of these impor-

tant reactions in terms of 9-parameters and the collision efficiency, 0:

kdiss i + p-1  p

ra.mters 6 parameters 9 parameters

;.'. ...='(

k,. -CT m exp- Pr = Pr(Oko1M ]'k) F - F (Pr,Fc GP,a,b,c))

k - A Tn exp-SIT

S.'..., The Lindemann model generates the maximum sensitivity of kdiss to

pressure and requires 6-parameters and 0. Application of the RRK2

correction causes fall-off to occur over a broader pressure range and

thus, desensitizes kdiss to pressure. If weak collider-broadening

corrections are also applied (by Troe's P0.14 factor), kdiss is even less

sensitive to pressure.

Finally, the fall-off behavior of the reverse combination reaction

may be coded with three additional parameters (S, 1, H) to specify the
0 7l'4 '" - /T

equilibrium constant, keq = S T e

13
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MODELING THE CHEMICAL NETWORK OF THE N20/CH2O FLAME

C. William Larson and David M. Golden

Abstract

In this paper we consider a chemical network for the N20/CH20

flame. Two reaction branches, initiated by H-atom attack on the

oxidant, are described:

C/H/O Branch

H + N20 + NNOH + N2 + OH (3)

C/H/N/O Branch

R.pJ + N20 + HNNO+ NO + NH (20)

Reaction simulations of the C/H/O branch at 2500 K vith a mechanism of

% 17-elementary reactions showed that reaction (3) consumes almost all the

oxidant and releases the majority of the chemical energy.

Recent laser probes of H2/N20 and CH4/N20 flames at - 2000 K have

revealed NH in concentrations near 4% of the OH.

An approach is described for modeling the NH/OH branching through

HNNO and NNOH intermediates and includes isomerization of postulated

%. incermediate: HNNO#NNOH.

Production of NH by reaction (20) precipitates a complex chemistry

I. involving N-containing species. Production of the C-N linkage occurs

through NH addition to the unsaturation in CO:

_ , ,~~~~~~~~~~~~~~~............... .......... , .. -..... .......... ... ...... ....... ,,
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NH +- CO *HNCO* (21)

Isocyanic acid may be collisionally stabilized and undergo reactions

with the radical pool or react by competitive unimolecular reactions to

generate a variety of carbon-nitrogen species (e.g., NCO, CNQ, CN, HQCN)

* that are sensitive to laser probe techniques.
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I INTRODUCTION

The N20/CH 20 flame is the most simple flame containing all of the

four most important elements of combustion chemistry: H, N, C, and 0.

The model of its chemical network is an important basic element of the

more extensive networks one would create to model the ignition and pro-

"5 pagation properties of nitramine propellants. As part of this research,

we have considered the elementary reactions plausible for this flame.

This document sumarizes some preliminary ideas.

The N20/CH2O flame chemistry is composed of two main branches.

Most of the oxidation/reduction occurs through a C/H/0 network that

'Vo.. Dean, Johnson, and Steinerl (DJS) have modeled with an elementary

reaction set composed of 19 reactions and 13 species (see Table 1). The

model fits data obtained from shock tube experiments (1600 to 3000 K) on
5f-.::'

formaldehyde loss, carbon dioxide production, and oxygen atom concentra-

tion profile between 1 and 60 Ps. Also, both oxygen and nitrous oxide

oxidant were studied in various dilute argon mixtures.
45.:.:

With the DJS model (extrapolated to a stoichiometric flame mixture

at 1 atmosphere pressure), almost all the oxidant is consumed through

reaction (3):

H + N20 + N2 + OH (3)

even though the value of k3 used is eight times lower (at 2000 K) than

Vthe widely used value published in the review by Baulch and co-workers

3
55,';"
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(BDHL).2 Most recently, Cattolica and co-workers3 used the BDHL value

to model experimental results from an N20/H2 flame, for example. In

addition, the DJS model uses rate constants for fuel-consuming

, j .~reactions:

CH20 + M + HCO + H + M (9)

and

CH20 + OH HCO + H20 (4)

which are also at least ten times lower than the values previously used

to model methane oxidation.
4,5

Compelling evidence for the existence of the second branch of

N20/CR20 flame chemistry was recently obtained by Cattolica and co-

workers (CSD).3 In the CSD research, NK amounting to about 4Z of the OH
S .

was measured with laser probe of the H2/N20 flame. The NH production

was attributed to

H + N20 * NE + NO (20)

The branching ratio, Rb - k20 /k3, derived from the model of the chemical

network was 0.04 at 2000 K.

Previously, Baldwin and co-workers (BGPW)6 studied the H2/N20

system in a batch experiment at 813 and 873 K and, through analysis of a

simple model, derived Rb a 0.0041 t .005. Coupling of the flame study

to the batch study yields an "apparent" activation energy difference of

7 kcal ,ol"1:

Rb- exp - 7000/RT.

4
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Additional evidence supporting the existence of reaction (20) may

be found in the laser probe experiments by Anderson and co-workers

(ADK)7 on the N20-supported methane flame. Here, in the flame region

where NH and OH concentrations were maximum, concentration ratios of NH

to OH of about 0.04 were measured.
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II SIMULATIONS OF THE C/H/O BRANCH

The DJS model of the C/R/O branch is composed of reactions (1)

through (19) as summarized in Table I. The reaction of a stoichiometric

mixture of N20 and CE20 at 1 atm pressure and 2500 K was simulated on

a computer using this 19-step mechanism. All reverse reactions were

*included in the simulation. Reverse rate constants were computed from

the tabulated equilibrium constants8 and the DJS values of the forward

rate constants.

Figure 1 shows the rate of each reaction as a function of reaction

time. Table I lists the reactions In order of decreasing reaction rate

as computed at 0.8 ls, near the time where the reaction is proceeding at

its maximum rate.

The figure and table provide a picture of the role of the various

reactions in initiation and propagation of the N20/CH 20 flame.

Initiation occurs by pyrolysis of the oxidant:

N20 + M * N2 + 0 + M (5)

and branching occurs by O-atom reaction with the fuel:

0 + CH20 HCO + OH (6)

By contrast, in 02-oxidant systems, initiation by fuel pyrolysis pro-

duces H-atoms and branching occurs by H-atom reaction with oxidant. For

6

"+ - ~ i-;. ,i.;,.. -. ;..2. '.'.'.A. A... +-.. ,'. ' , -i... , ...-.. • . +. .. ..... .. -.. . ... .-.
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Table 1. LIST OF REACTIONS OF THE C/H/O BRANCHa

Rxb  Ratec

Reaction Type at T = 0.8 Ls ARd log K c e

Fuel and Oxidant 
Reactions

1. M + HCO - H + CO + M P 6000 19.9 -1.60

2. H + H2CO - HCO + H2  P 4500 -19.9 2.67

3. H + N20 - OH + N2  P 3200 -67.59 7.01

4. OH + CH20 = HCO + H20 P 2400 -34.4 3.36

5. M + N20 - 0 + N2 + M I 850 39.5 -1.68

6. 0 + CH20 - OH + HCO B 550 -17.7 2.85

7. OH + HCO - CO + H20 T 480 -103.9 7.60

8. H + HCO - CO + H2  T 280 -89.4 6.91

9. M + CH20 - HCO + H + M I 180 89.3 -5.84

10. 0 + HCO - O + CO P 73 -87.2 7.09

11. 0 + N20 = N2 + 02  T 25 -83.0 7.31

12. 0 + N20 - NO + NO T 25 -39.8 4.86

Reversible Reactions

13. OH + H2 - H + H20 P 620 -14.5 0.69

(13R) (H20 + H - H2 + OH) (P) (30)

14. 0 + H2 -1 + O B 180 2.2 0.18

(14R) (H + OH - H2 + 0) (T) (26)

15. OH + CO - H + CO2  P 120 -20.0 -0.10

(15R) (H + CO2  CO + OH) (P) (0.3)

16. OH + OH 0 + H20 T 48 -16.7 0.51

(161) (0 + 120 oH + OH) (B) (15)

17. OH + O H + 02 T 10 -15.4 0.31

(17R) (H + 02 oH + 0) (B) (.8)

Reactions Important With 07 Oxidant

18. 0 + CO + M - CO2 + M T 0.007 -127.0 8.59

19. 02 + CO - CO2 + 0 1 0.002 -4.6 -0.40

aRate constants for simulations were taken from Ref. 1.

blnitiation, Propagation, Branching, Termination.
CUnits are 10- 4 mol-ci-3-sec- I , Ref. 8.

dkcal mol- 1 , Ref. 8.

eConcentration units, tol cm- 3 .

7
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example, in the oxidation of methane by oxygen, initiation by CH4 + M

CH3 + H + M is followed by branching via H + 0 2 + OH + H. Thus, in a

N20-supported flame, branching would be enhanced by a richer mixture,

whereas in an oxygen-supported flame, branching would be enhanced by a

leaner mixture. This difference between the effects of stoichiometry

. would also show up in the initiation properties.

Branching through O-atom reaction with H2

0 + H2 + OH + H (14)

plays a secondary role in both N20- and 02-supported flames. Formyl

radical pyrolysis, reaction (I), is so rapid at this temperature that

its concentration is likely to be too low to enable detection.

The figure and table show that about 50 to 80% of N20 is consumed

by H-atom via reaction (3). The rates of the N20-consuming reactions at

0.8 .Js are as follows:

Reaction Rate (mol cm -3 s- 1)

N20 
+ H OH + N2  0.32 (3)

N20 + M N2 + 0 + M 0.085 (5)

N20 + 0 NO + NO 0.0025 (12)

N20 
+ 0 * 02 + N2  0.0025 (11)

Thus, if the branching ratio for NH production by H + N20 is near

0.04 as the 12/N20 flame study indicates, the net yield of NH that

becomes available for reaction with the radical pool is 2 to 3% of the

.".- .*amount of oxidant.

9
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A simulation that includes a C/H/N/O reaction branch is planned to

determine the effects of processing this large amount of material on the

C/H/O branch. Because the NH radical may strongly perturb the concen-

tration relationships among OH, H, and 0 and because NH may consume the

material from which it is produced (NE + N20 * N2 + HNO), the amount of

material processed in the C/H/O branch of the network may be signifi-

cantly reduced. The low rate constants, which are required in the

unperturbed C/H/O branch to fit the DJS data, will be raised by an

amount that depends on their sensitivity to the NH perturbation.

Reverse reactions that reform fuel or oxidant are unimportant in

the model. However, equilibria among the various O/H species (0, H, OH,

02, H2 , H20) must be included, reactions (131) through (17R) in Table

1. Oscillations in the rates of the faster (forward) components of

these equilibria are apparent in the latter stages of the simulation,

Figure 1. These oscillations are possibly an artifact of the calcu-

lation that will vanish when the time increment between the successive

solutions to the tightly coupled differential equations is shortened.

Species Profiles from Simulation of the C/H/O Branch

Figure 2 shows the concentration profiles for the 13 species of the

C/H/O branch. The figure shows results from three-hypothetical models:

Model 1 is a 19-step mechanism without reverse reactions; Model 2 is

a 19-step mechanism with reverse reactions; and Model 3 is a 19-step

mechanism, with reverse reactions, that includes a series of steps to

synthesize NH. In Model 3, NE is produced by 3-body recombination of H-

atom and NO, followed by H + HNO * NH + OH as has been estimated by

Tunder and co-workers.
9
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The figure shows that failure to include reverse reactions (Model

I) leads to unstable solutions for the profiles of CO, 0, H2, and 02.

This instability in the first model does not show up in shock tube

simulations where the fuel/oxidant is diluted to about 1 to 4% of the

total pressure of 1 atm. The effect of dilution is to proportionately

reduce the rates of bimolecular reactions while leaving unimolecular

reaction rates unchanged.

The profiles of the nicrogen-containing species (NH, N, and HNO),

introduced in the third model, show that the quantity of NH synthe-

sizable through R + HNO + HN + OH (whose rate constant was estimated by

Tunder et a19) is far too small to account for the observations of NH in

N20-supported flames.

-.-N
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III ELEMENTARY REACTIONS IN THE C/H/N/O BRANCH

Potentil4 Energy Surface for H + N.0 Branching

Although the minor reaction path for H-atom consumption of N20

probably contributes little to bulk flame properties (e.g., temperature

profiles, heat release, flame speed), it nevertheless is probably the

only important reaction leading to the nitrogen-containing species that

could or already have been observed or measured by laser probe tech-

*. niques. An understanding of the temperature and pressure dependences of

the branching ratio is crucial to the calibration of the behavior of the

nitrogen-containing species that might be used as flame diagnostics.

A potential energy surface for the dual-channel reaction of H-atoms

with N20 may be estimated as shown in Figure 3 and as described below.

Table II lists the values of thermochemical parameters (heats of

formation, AH0 , bond dissociation energies, Do, and activation energies,enerses

Eact) that may be used to establish a potential energy surface for the

two channels:

H +N 2 0.+ N2 + OH (3)

C. -,'

H + N20 + NH + NO (20)

The CSD flame study (2000 K) and BGPW bulb study (873 K) of the H2/N20

system establish an apparent activation energy for the branching ratio,

20/k3, as follows:

d[ln(k20 /k3) ]
Eact (apparent) R d[l/T] - 7.3 kcal mol- l

13
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Table II. THERMOCHEMICAL PARAMETERS FOR ESTIMATION OF

H + N20 SURFACE, (kcal-mol-
1)

Species AH 8 Ref.,.: f298. ,

NH 84.3 12

NO 21.6 11

OH 9.3 11

H 52.1 11

N20 19.6 11

HNNOH 32.4 10

(HNNOH)* (-6 to 30)* (14)

HNNO 59.1 This estimate
(NNOH)* (40.1)* (This estimate)

NNOH 51.8 This estimate

Bond D o Ref.

298

-i-ONO 78.8 11

H-NN- 71.5 10

(H-NNH)* (59.8)* (12)

H-NNOH 71.5 This estimate

H-ONNH 78.8 This estimate

Reaction Eact Ref.

H + N20 
+ OH + N2  15.1 2

(H + N20 * OH + N2 )* (22.0) (1)

N+ NO H + N20 2.0 13

.is+  *These values are alternatives, but they were not used to estimate

the potential energy surface.

15
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It may not be possible to reconcile these measured high and low tem-

perature branching ratios by any means because the difference between

reaction thresholds, E20 - E3 is about 21 kcal mol-

E2 0 - E3  AH 0 (4+H + NO)+ act (NH + NO - N20 + H)

A " -(A&- (N20 + U) + Eact (H + N20 N2 + OH)

-21 kcal o1

The CSD flame model lists values of the rate constants as follows:

k3 - 7.60 x 1013 exp - 15100/RT cm3 mol' s-,

20 - 3.80 x 1014 exp - 34500/RT cm3 mol - s1.

If the BGPN experiment has been properly interpreted, the branching

ratio in the CSD model will not show the correct temperature dependence.

Casewit and Goddard10 have performed generalized valence bond-

configuration interaction calculations on various isomers of NU2NO. The

heat of formation of the most stable isomer, a near linear molecule:'I.I
R N N 110 H

" was computed to be 4&_ (HNNOH) - 32.4 kcal mol- 1 .
f

Heats of formation of the two intermediates may be estimated by

equacing the N- and 0-H bonds of HNNOH to those of trans-dijmide and

trans-nitrous acid, respectively:

4." L 6

'1
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AHl (NNOH) - (HNNOH) D(H-NNH) 51.8 kcal mol-l
f f

, AlH0 (UNNO) - AHO (HNNOH) - D*(H-ONO) - 59.1 kcal mol- l
ff

Thus, stable intermediate species may be established on the potential

energy surface. The apparent activation energy for branching depends on

the way that the isomers interconnect and on the details of their forma-

tion from H + N20.

A Figure 3 shows the surface that is most likely to produce an

apparent activation energy for branching which is significantly less

than the difference between the threshold energies of the branches,

E20 - E3.

'. , The formation of NNOH directly from reactants is excluded. The

reaction sequence may be visualized:

NH+ NO

T2

H + NNO i-1- HNNO* - NNOH* - N2 + OH

Because the isomerization (3) occurs at an energy level where the

specific rate constant for isomerization is nearly energy independent,

the activation energy for formation of N2 + OH, a composite energy

quantity, is principally determined by the threshold energy required to

from HNNO* from H + N20. The details of the reactions on this surface

may be analyzed by performing RRKM calculations on the three-channel

., competitive unimolecular decomposition of HNNO. Whereas the average

energy of the HNNO formed by H + N20 is at the same level as HNNO

4.."
17
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molecules which would decompose (to H + N20) in the high pressure limit,

the average energies of the HNO that decomposes through channels 2 and

3 correspond to the substantially lower activation energies in the low

pressure limit.
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DETECTION OF 0 AND N ATOMS BY TWO-PHOTON LASER INDUCED

FLUORESCENCE

W. K. Bischel, B. E. Perry, D. R. Crosley
Molecular Physics Laboratory

SRI International, Menlo Park, Ca 94025

(415) 859-5129

ABSTRACT

Oxygen and nitrogen atoms in a low-pressure flow have

been detected by observing near-IR fluorescence (845-870 nm)

from states excited by two-photon absorption. The uv exciting

radiation was provided by coherent anti-Stokes Raman

scattering from a doubled dye laser. Relative two-photon cross

."i. sections, excited state lifetimes and quenching rates have been

determined.
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W. K. Bischel, et al.

Molecular Physics Laboratory
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DETECTION OF 0 AND N ATOMS BY TWO-PHOTON LASER INDUCED
FLUORESCENCE

SUMMARY

The sensitive detection of ground-state atomic species under

non-ideal experimental conditions, such as those found in

combustion research or plasmas, has been a problem for many

years. Single photon detection techniques such as resonance

fluorescence are not applicable since the medium is generally

opaque at vuv wavelengths. We describe here a new general

detection scheme for atomic species based on two-photon

excitation using wavelengths which will be transmitted, and its

application to the detection of oxygen i and nitrogen atoms.

14 - 3
Oxygen and nitrogen atoms at -10 cm concentration were

produced in a flowing microwave discharge and were excited on the

3 3 4s0 4 o
two-photon transitions O( P+3 p P) and N( S +3 p D). The

required uv laser wavelengths were 225 nm and 211 nm

respectively. The exciting uv radiation was provided by

stimulated Raman scattering (third anti-Stokes order in L) from

a frequency doubled dye laser. Detection of the near ir

fluorescence emission (845-870 nm) from the excited state formed

- - the observed signal. For oxygen, the two-photon absorption cross

section was measured to be the same for each ground state fine

structure component, (summed over the final state fine

str cture). For nitrogen, the relative two-pioton abEorpttioi

i .,' . . . . ° . . . . . . . - ° 7 ' .
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cross sections from the ground 4 S state to the four fine

4o0

structure components of the Dj excited state were in the ratio

of 4:3:2:1: for the J - 7/2, 5/2, 3/2, and 1/2 states,

respectively. These values are in agreement with a simple theory

based on angular momentum coupling rules.

In addition, radiative lifetimes and quenching rates for the

excited states have been determined. For oxygen, the radiative

lifetime of the 3p3P excited state was determined to be 34 nsec

in agreement with past measurements, and the rate constant for

collisional quenching by N2 was found to be 2 - 10-1 0 cm 3 sec - .

4
For nitrogen, the radiative lifetime of the D excited state

was determined to be 30 nsec, and the rate constant for

collisional quenching by N2 was found to be approximately the

same as that for 0 atoms.

In summary, the atom detection technique demonstrated here

provides a promising new way to sensitively determine atom

concentrations. Scaling from the signal levels in these

experiments indicated that a modest improvement in the laser

intensity to -1 mJ/pulse would allow atom concentrations on the

order of 1011 cm - 3 to be detected under low pressure conditions.

%*Supported in part by the U.S. Army Research Office ana in part

by internal research and development funds of SRI International.

1W. K. Bischel, B. E. Perry, and D. R. Crosley, Bull. Amer. Phys.

Soc. 26, 23 (1981).
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Laser-Induced Fluorescence in SpeCLrOS;COPY,

Dynamics and Diagnostics

avid R. Croslev

Molecular Physics Laboratory X
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LASER-INDUCED FLUURE.SCFNCF IN SPFCTROSCOPY, D)YNAMT(ICS AND) DIAGINOSTICS *David R.
Crostev, Molecuilar Physics Laboratory, SRI I nternational , Menlo 'Park, CA 94025

The nhenomenon of Lase r-tinduced flutorescencet OAF~) occurs when a laser, tiimed to
*match an absorption line of some atom or molecule, elevate s the species to an emitting

electronically excited state. Using a suFficiently narrow Laser bandwidthi, a single
r,)tational-vibra-ional level in the upper state can ho excited. Detection of all the
fluorescent emission, as the Laser is tuned through aI series of absorption lines, (a so-
called excitation scan), yields )opulatton distributions; over ground state internal
levels, wherea. asnoftedspersed fluorescence, while the laser pumps a sinpl
level, provides Information abouit the excited state. 7teIC le'I state preparation

a oddby LF has si ,ni fi cant advantages for sper t roc 'cop i c - tud Les and the inoves-
t 1 i;I t oi of state-specific collis;ionial behavior. AS .a d ia;gnos'-tic( toolI, LIF provlides

consderale ,peci,-s selectivity coupled with high spatial an eprlrslition and a
non-Intrusive nature'; it is especially well suited f)r measurement of small free
radica Is present in flames, pl asmas , and the atmosphero. TFhe rece-(nt ava ilabi itv of
powerful tunable lasers in the visibl e and iiltravinor t, coiipled with stimulated %.aman
freq(uency shiftinig, ma~kes possIhle the excitaton of ;a wide, variety of species; spanning
he wavelength i g from tho vuv to the near Ir. 7he 1 t tr iues of LIF wil 11 e

diIscussed , iisi~w -I-- oxamp 1 s snc ocncstudieos -n ,energy transfer measurements
in OH!, two-photan1 e'xc Itit ion o,: t) and N atoms, and the Tletect ion, of transient radi cal

!oco n fao. The, auithor's reer>in this ir-i is ;iupported by the . .Army
Research Office? n,! te Nit lonal Scionco' 'oiur.1ati~n ncinrin nreic
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LASER-INDUCED FLUORESCENCE STUDIES OF THE NCO MOLECULE

Brian J. Sullivan, Gregory P. Smith, David R. Crosley and Graham Black
SRI International

Menlo Park, California 94025

Introduction

Laser-induced fluorescence (LIF) is the laser spectroscopic probe tech-
1nique suitable for measurement of the transient species which are the inter-

mediates in combustion chemistry. To date, two dozen such molecules have been
detected, in flames and/or flow systems, using LIF. The high sensitivity
afforded by LIF follows from the participation of a real electronically excited
state; this also means that the spectral form and magnitude of the signals are
affected by collisions, whose influence must be known for a fully quantitative
measurement. 2 Nonetheless there exist many cases in which the detection of some
given species, at an appropriate concentration level, can provide significant
clues as to the chemical mechanism involved in the combultion plocess.
2 We report here the results of LIP studies on the A Z - X II and the
B 1i" X 1i systems of the NCO molecule, performed in a discharge flow system

at low pressure. NCO has been proposed as an intermediate in the oxidation of
HCN and production of NO in nitrogen-containing fuels,3 and in the C2N2/0
flame,4 although it was not measured in those cases. It has also been sugges-
ted5 as a potential intermediate in hydrocarbon/N20 flames. Recently, NCO has
been identified6 using LIF in the reaction zone of CH4/N20 flames. The excita-
tion was by an Ar+ laser at fixed wavelengths, which overlap lines in hot bands
of the A-X system. The present work provides some of the spectroscopic charac-
terization necessary for semi-quantitative estimates of NCO concentrations from

. , LIF signals in flames.
Both absorption and emission in gas-phase NCO have been previously

observed. Dixon, using absorption data from flash photol~sis experiments, per-
formed an extensive rotational analysis on the A-X system and a less complete
survey of the B-X system.8 These have served as a key starting point for our
investi ations and assignments. LIF in the A-X system has previously been
studied for NCO deposited on an Ar matrix at 4* K, and that work has also
provided a useful guide.

MP 81-140
07/31/81

% % %



- Experimental

NCO is produced by the gas-phase reaction F + HNCO and/or HOCN. The acid
vapor is formed in a small reaction vessel containing KOCN and stearic acid at

100* C,10 and is injected into a glass flow system of moderate pumping
speed. F atoms are created using a microwave discharge on CF4 or SF6 in

1 1 torr He. Pressures are measured with a Baratron gauge.
The exciting radiation for the A-X excitation is provided by a Nd:YAG-

pumped tunable dye laser which has been frequency shifted by stimulated Raman
frequency conversion in - 10 atm of H2. The second order antistokes shifted
radiation, displaced to the blue from the input by twice the H2 vibrational
spacing, falls in the appropriate wavelength region using rhodamine dyes in the
laser; it has a bandwidth of - 0.15 cm-I and pulse length of - 8 nsec. For
the B-X excitation, we use a frequency doubled dye laser containing rhodamine.

The fluorescence emitted at right angles to the laser beam is focussed
through a filter onto a photomultiplier tube wired for fast response. In a few
runs the filter was an interference-filter/color-glass-filter combination but
for most of the measurements a 0.35 m monochromator was used, with about a 40 A

-... bandpass. The slit was narrowed to a 5 or 10 A bandpass for several runs in

which the fluorescence spectra at fixed excitation wavelength were measured.
Signals were read out using a boxcar integrator (operated in the scanning mode
for lifetime runs) and a chart recorder; typically a 1-2 second (10-20 pulses)
averaging time was used.

Results and Discussion

, Four vibrational levels oJ A 2Z+  have been pumped in transitions origin-

ating from the 000 level of X 1 (the 030 excitation was too weak to permit
experiments beyond its observation). An excitation scan (fixed detection wave-
length while the laser is tuned) of the 001-000 band has been rotationally
assigned following Dixon's analysis;7 lines up to N - 40 in each of the eight
observable rotaiional branches could be seen. Using line strengths calculated
from standard 1 - 1i equations with Dixon's spectral constants, rotational
level populations in the ground state could be determined. The results from the
R+ branch yield a temperature of 310* K, in accord with expectations for
this room temperature experiment. The results from the R2 and the Q2 + QR
branches yield a much lower temperature (200* K), perhaps indicating a detector
spectral bias. The other three bands, through not rotationally analyzed in
detail, show the expected features and general structure.

Upper state lifetimes were measured for each vibrational level (except
030), both with and without added gases. In a plot of the decay rate vs. added

, 'gas pressure, the intercept yields the radiative lifetime T while the slope
yields the collision-induced decay rate kQ. The results are listed in Table 1.

•,2

4 . 2



Table 1

Level X(exc) k Q(N2)  kQ(02)
Vl V 2V3 nm nsec 10-11 cm sec - 1

001 399 410 * 15 3.0 * 0.2 10.6* 0.2
030 403 .
020 413 430 * 20 0.56 * 0.10 --

100 417 300

The quoted error bars are statistically determined from fits to the lifetime
runs, and do not include estimates of possible systematic errors; only an
approximate r has been obtained for the 100 level. The background gases He,
SF6, and CF4 were found not to noticeably influence the decay rate at the
pressures used.

The radiative lifetime of - 430 nsec is considerably longer than the value
of 180 nsec obtained in the matrix study.9 A comparison 9 of spectral constants
from the gas phase and matrix investigations shows that the matrix does not

greatly alter the potential curves, so that it would not be expected to affect
the transition moment. Thus the difference is likely a quenching effect due to
the matrix environment.

The measured kQ could be the sum of both quenching back to the ground state
and transfer to other vibrational levels of the excited state. Fluorescence
scans were made at zero added gas pressure and with the addition of N2. Several
bands could be identified in the emission from each vibrational level but in no
case was the spectrum altered noticeably upon the addition of N2. Thus k(N 2)
can be ascribed entirely to collisional quenching. In particular, transfer
downward to 000 of the A-state a strong emitter, is not seen. The 100 and 020
levels are in Fermi resonance, and the fluorescence spectra in the matrix
study 9 showed very rapid transfer between these two levels. The present work
demonstrates that gas-phase collisional coupling between these levels is not
enhanced by the existence of the Fermi resonance.

Excitation of the 000-000 band of the B-X system near 315 nm has also been
performed. The fluorescence spectrum shows a long progression, to nearly
500 om, in the bending vibration. Preliminary lifetime measurements indicate a
T(B) of 50 nsec, considerably shorter than T(A).

Conclusions

From the radiative lifetime, calculated line strengths, and Franck-Condon
factors estimated from the fluorescence runs, one may calculate approxiqte
absorption coefficients for the A-X bands excited here of k - 5 x 10 N
cm-I where N is the number density (cm-3) per absorbing leveT. However, the
possibility of collisionless state mixing in triatomics, exemplified by NO2 ,

*can cause a stronger apparent absorption than indicated by the radiative life-
time and such a situation cannot be ruled out here.

'3
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EA. The lack of energy transfer means that emission from laser-excited A2 +

NCO will occur from the vibrational level pumped, and not from lover-lying
Vlevels as is often the case for diatomics in flames; this fact then dictates

that appropriate detector wavelengths for NCO monitoring correspond to emission
from the level directly excited. From the ratio of T and kQ values, the

.. fluorescence quantm yield would be - 0.2% in room temperature air for 001
excitation but may be higher for 020 excitation.

The 000-000 band of the B-X system falls in a convenient wavelength region
for laser excitation. Although the long progression in the fluorescence spec-
trum leads to a smaller effective quantum yield for a given spectral bandpass,
the shorter lifetime indicated in the preliminary measurements would mean
stronger absorption and less collisional influence. Hence this system may be a

better choice for LIF measurements of NCO.
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In laser-induced fluorescence (LIF), the absor-P, ll of a laser photon promotes a

molecule to an electronically excited state which then radiates. For those molecules

which can be made to fluoresce, LIP is an extremeLy sengitive and selective means of

their detection. Into this category fall some 20 species (atoms, diatomic and| triatomie
freeradials)whic areintemediates in combustioti chemistry. The number c rti£nues

expand with further spectroscopic studies (e.g., NCO), new lasers and frequency

conversion methods such as Ra man shifting, and the use of two-photon absorption as for 0

and N atoms. LlF has thus become a key tool for the understanding of combustion

chemistry through the ionintrusive measurement of flame Intermediates. In addition to

probing flames themselves, LIF can also be used in related kinetics studies. An example

Is measurement LIF of the time dependence of radical concentrations in isothermal laser

pyrolysis. Here. a pulsed CO, laser Is ,absorbed Iii a sample seeded with SF6 causing
rapid heating to temperatures of combustion interest. with the production and subsequent

reaction of the radicals. For example, It202 dissociate!; to Oil radicals at T > 1000K,

and the Oil reaction rates can then be measured at high temperature. LIF's capabilities

and limitations kchlefly the need to account for collistonal processes in the excited

itate) in both flames and combustion chemistry experinnt', will be discus9sed.

Research supported by the Army Reseirc'h Office, Nationait Science Foundation, Departmnt

of Energy, and Wright' Aeronautical Laboratories.
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LASER FLUORESCENCE SPECTROSCOPY OF NCO. Brian J. Sullivan, Gregory P. Smith,

and David R. Crosley, SRI International, Menlo Park, CA 94025.

Laser-induced fluorescence of the NCO A2 + X21 and the B -

systems was investigated between 440-398 nm and 316-314 nm, respectively.

Excitation spectra, fluorescence spectra, radiative lifetimes, and quenching

rate constants were studied.

NCO has been proposed as an intermediate in the oxidation of nitrogen-

V. containing fuels, and has recently been observed in the reaction zone of a

CH4 /N20 flame.
1  The present work provides some of the spectroscopic charac-

teristics necessary for semi-quantitative estimates of NCO concentrations from

LIF signals in flames.

NCO is produced by the gas-phase reaction F + HNCO and/or HOCN. The acid

vapor is formed in a small reaction vessel containing KOCN and stearic acid at

100*C, and is injected into a glass flow system of moderate pumping speed.

F-atoms are created using a microwave discharge on CF4 or SF6 in - I torr He.

The exciting radiation for the k-K excitation is provided by a Nd:YAG-

pumped tunable dye laser which has been frequency-shifted by stimulated Raman

frequency conversion in 1 10 atm. of H2. Coumarin dyes and qecond-order anti-

stokes shifted radiation from rhodamine dyes were used. The laser has a band-

* -width of - 0.15 cm-1 and pulse length of - 8 nsec. For the B-X excitation, we

use a frequency doubled dye laser containing rhodamine 640.

The fluorescence emitted at right angles to the laser beam is focussed

onto the slits of a .35 m monochromator with a 40 A bandpass for excitation

spectra, and a 1-10 A bandpass for several runs in which the fluorescence

" " spectra at fixed excitation wavelength were measured. A boxcar integrator

and a chart recorder, with 2 second (20 pulse) averaging time, were used for

signal processing.

Transitions from the ground (0,0,0) level of the X2n state to five vibra-

tional levels (0,0,0; 0,1,0; 1,0,0; 0,2,0; 0,0,1) of the A + state were

pumped; excitation scans (fixed fluorescence detection wavelength while the

laser is tuned) have been obtained for such upper state vibration level

y.1 .J.
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studies. These spectra can be rotationally assigned following Dixon's

analysis. 2

Emission lifetimes were measured for such vibrational levels, both with

and without added gases, to obtain radiative lifetimes (t) and collisional

quenching rates. The radiative lifetime is 410 nsec and is relatively insen-

sitive to vibrational level. Our measured radiative lifetimes agree well with

those of Reisler, Mangir, and Wittig3 , but is considerably longer than the

value of 180 nsec in an Ar matrix 4 study. Collisional quenching rate con-

stants for the 0,0,1 level are 3.0 x 10 - I and 1.1 x 10-10 cm3 sec-  for N2

and 02, respectively. Similar rates were measured for the other levels.

Helium was found to have a small collisional quenching rate (< 1.5 x 10 cm

sec-1 ). The fluorescence spectra also indicate no significant collisional

population of other vibrational levels of the A-state prior to quenching or

fluorescence.

Fluorescence spectra (laser-fixed, monochromator-scanned) were obtained

for excitation at band heads in all levels. The wavelengtbs of the observed

bands agree with previous determinations of X 2 vibrational level energies.4 ,5

The A 2Z+(0,,0) X2 (0,0,0) transistion is electronically forbidden, but

weakly allowed due to vibronic interaction. Figure I shows a portion of the

010

020
.i lTr-

x4

b)

4335 "4465
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high resolution (I A) spectra of the Az+(O,I,O) X2 i(V 1 ,V2 ,V3) fluor-

escence. The four vibronic components, which are due to Renner-Teller and

spin-orbit interactions, of the 0,1,0 level of the ground state, were easily

seen. The lack of observable A2E+(O,1,O) + X2 1/ 2 (O,O,0) fluorescence

indicates this transition is at least an order of magnitude weaker than the

A2Z+ (0,1,0) + X21 (0,1,0) transition. Several AZ+(O,l,O) + X 2 1 i

(V1 ,2,v3 ) fluorescence bands were also observed, but only emission to

the H vibronic component was seen. Fluorescence from the 0,0,0 level of

the A 2E+ state shows similar behavior. Possible explanations for this

phenomenon are being pursued.

An excitation spectrum of the (0,0,0)-(0,0,0) band of the B2 i - X2 i

system was obtained between 3156-3142 A. The rotational structure is very

6congested , and only the R, and R2 heads are easily discernible. A radiative

2lifetime of 63 nsec was measured for the B 21 state, considerably shorter than
ithe A Z+ state lifetime. No fluorescence to the A-state, or A-X emission upon

B-state excitation was observed. Quenching rate constants for N2 and 02 are

1.3 x 10-10 and 2.0 x 10- I0 cm3 sec - I , respectively. The fluorescence spectra

show long progressions in the ground-state stretching modes. Derived ground-

state vibration constants are: w 0 = 1286 cm- I , wo3 = 1925 cm-l; X1 1 = -10.3

cm IX 3 3 = -11.6 cm I, X1 3 - -27.8 cm -I . Attempts are underway to derive

potential surface information from the fluorescence spectrum intensities.

This work was supported by the U.S. Army Research Office.
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LASER PYROLYSIS b-rUDIES OF UNIMDLECULAR AND BIDLECULAR REACTIONS OVER 1000 K:
OGANORMETALUC BO ) ENERGIES, OH REACTIONS

G.P. Smith K. E. Lewis, D.M. Golden
P. W. Fairchild, and D. R. Crosley

SRI International

Menlo Park, California 94025 USA

SAB'TRACT

A pulsed CO, laser was used to heat a 50 torr gas mixture of bath gas,

SF4 absorber, and reactant molecules to 1000-1500 K. The unimolecular

decomposition kinetics of metal carbonyls, such as Fe(CO),, were measured

using either other known decomposition reactions or both gas Infrared

fluorescence as a thermometer. First, bond dissoriatton ,,nergies for these

organometallics were determined from these competitive kinetics measurements.

Bimolecular reactions, such as OH + CH., were also measured by the laser

pyrolysis method. Hydroxyl is formed by laser pyrolysis of H,02, and its

temporal evolution is monitored by laser-Induced fluorescence using a

variable delay pulsed dye laser. Both temperatur' and decay rate at set

methane pressures were determined, thus furnishing bim,,!ecular rate constants.

The general features, advantags, and limitations of this new high-temp,.rature

kinetic method will be discussed.

2 ti i

.4• I.



-AD-149767 LASER PROBES OF PROPELLANT COMBUSTION CHEMISTRY(U) SRIAINTERNATIONAL MENLO PARK CA D R CROSLEY ET AL.

29 MAR 84 SRI-NP-84-653 RRO-il4i6.9-CH DRRG29-88-K-8849
UNCLASSIFIED F/G 7/4 NL



'q~%-Aw T-Ml qv.-% y ... tr .krrrrr 7~~r '-,

1111.2

111!-2 1.11. L

MICROCOPY RESOWTIOW TEST CHART
NAMTOA B&RUQ-W STAMDARO-1963-A

...... . ..



BIMOLECULAR QUENCHING RATE CONSTANTS

FOR OH AT HIGH TEMPERATURE

Paul W. Fairchild, Gregory P. Smith
Oand David R. Crosley

Molecular Physics Laboratory

SRI International
Menlo Park, California 94025

Rt Rate constants kQ for collisional quenching of the

A2 E+ state of the OH molecule have been measured in the

*temperature range 800-1500K. The OH is produced and

detected in a laser pyrolysis/laser fluorescence

experiment, in which a mixture of SF6 , H202 and the

collision partner M is heated by a pulsed CO2 laser.

Thermal decomposition of H202 produces some OH.

Following dye laser excitation of the OH, the real-time

decay of the fluorescence signal is measured.

Measurements were made for a variety of gases K found

[ in flame. The high temperature values of k are

generally smaller than expected for a cross section

independent of temperature. This result, the size of

, kQ, and Its dependence on M suggest that attractive

forces are important in the quenching collisions, and

.4, the results have been examined with the objective of

l-ii extablishing a theoretical foundation for describing

the variation of kQ.
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'1o. 229A LASER FLAME DIAGNOSTICS

D. R. Crosley, Molecular Physics Laboratory, SRI International, Menlo Park,

California 94025

The measurement of species concentrations and temperatures in combustion processes is

one of the many research areas in which the use of laser techniques has had a large

impact. In flames themselves, laser probes offer excellent spatial and temporal

resolution and are highly species selective. They are nonintrusive in nature, so that

neither the gas flog nor chemistry is perturbed, and can be used in hostile

environments.

;everal methods involving the absorption of tunable radiation can be used to measure

.ith high sensitivity the transient species, often free radicals, which are present at

low concentration in flames. These molecules, the intermediates in the combusion

chemical networks, provide the crucial information for understanding the details of

that chemistry. The most prominent of these techniques is laser-induced fluorescence

(LIF), in which the absorption of laser radiation elevates the molecule to an

electronically excited state which then emits. About 25 atomic, diatomic and triatomic

free radical combustion intermediates have been detected by LIP in flames and/or flow

systems. Optoacoustic detection of the absorbed laser energy, or subsequent laser

ionization from the electronically excited state, form alternative means of detection

of the selectively absorbed laser radiation in special cases in which the molecule does

not fluoresce efficiently. The number of detectable species, and the types of

combustion processes which can be probed, continues to grow with advances in laser

techniques, such as multiphoton excitation and the extension of usable regimes of

wavelength and pulse width.

The use of a planar sheet of radiation, formed with a cylindrical lens, permits two-

dimensional images of the OH radical concentation throughout a flame to be obtained on

a single laser pulse; this is in contrast to the customary beam configuration

furnishing single-point measurements and it can be very useful in rapidly time-varying

systems such as turbulent flames. Recently this method has been extended to provide

two sequential images 100 psec apart. In addition to detection of radicals directly in

flames, LIF can also be used for related chemical kinetics studies, for example in

discharge flow tubes and in a laser pyrolysis/LIF measurement of rate constants for the

reaction of OH with various hydrocarbons in the 800-1400K temperature range. The

present and likely future status of LIP and related methods for the measurement of

flame radicals will be discussed.

Research in this area supported by Army Research Office, National Science Foundation,

Department of Energy, Wright Aeronautical Laboratories and National Aeronautics and

Space Adminstration.
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RATE CONSTANTS FOR USE IN MODELING

D. M. Golden and C. W. Larson
Department of Chemical Kinetics

SRI International, Menlo Park, CA 94025

ABSTRACT

The current status of quantitative understanding of reaction rate

constant data for use in combustion adding is discussed. It is pointed

out that simple bimolecular and unimolecular reactions can be tabulated as

functions of various physically meaningful parameters over wide ranges of

temperature and pressure. We also discuss the more complicated problems of

complex surfaces and their manifestations. A major emphasis is on the

underlying framework for critical evaluation of rate data.

We point out that currently used values for 2CH 3 -4 + C2 H 5 + H are

incorrect and that the temperature dependence of the branching ratio
/NH + NO

H + N20ON H  can be understood as consequence of angular momentum
0H+ N 2

conservation.

*This work was supported by the U.S. Army Research Office, Contract

No. DAAG29-80-K-0049.
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LASER-INDUCED -FLUORESCENCE SPECTEOSCOPY OF NCO AND NH2
IN ATMOSPHERIC PRESSURE FLAMES

Richard A. Copeland, David &. Crosley and Gregory P. Smith
Chemical Physics Laboratory

SRI International
Menlo Park, California 94025

Laser-induced fluorescence (LIP) is a powerful method for the sensitive

detection of trace species in flames, so as to gain insight into the

combustion chemistry mechanisms. However, LIF has been applied almost

exclusively to diatomic radicals whereas the chemical networks contain many

species of larger size whose presence can signal definite mechanistic paths.

We describe here a comprehensive survey of the LIP spectroscopy of the NCO

molecule in a CR4/ 20 flam and the NE molecule in N,3/ 20 and N1' 102 flames,

all burning rich at atmospheric pressure. NCO was excited in the B-X and A-X

systems in the ultraviolet and blue, respectively; the latter is much more

intense and can be more easily made free of strong interfering transitions due

to diatomics. NZ2 was excited in the A - x transition. Excitation and

fluorescence wavelengths furthest to the red minimize background interference

due to underlying, unidentified absorption features and flame emission.

Prescriptions for detecting these two species are presented, including a table

of excitation and detection wavelengths, as well as some general conclusions

which should be useful in extending flme LIF detection to other triatoic and

larger radicals.

MP84-005
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